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ABSTRACT 
The semiconductor industry continues to scale integrated circuits (ICs) in accordance with 
Moore's Law, and is currently developing the processing infrastructure at the 14nm tech-
nology node and smaller. In the wake of such rapid progress, a number of challenges have 
arisen for the optical failure analysis methods to meet the requirements of the advancing 
process technology. Most notably, complex circuits with shrinking critical dimensions will 
demand higher resolution signal localization currently beyond the capability of the existing 
optical techniques. This dissertation aims to develop novel optical systems to address the 
challenges of non-destructive circuit diagnostics at the 14nm technology node and beyond. 
Backside imaging through the silicon substrate has become an industry standard due 
to the dense multi-level metal wiring and the packaging requirements. The solid immer-
sian lens is a plano-convex lens placed on the planar silicon substrate to enhance the 
subsurface focusing and collection of light in back-side imaging of ICs. The silicon and 
gallium-arsenide aplanatic solid immersion lenses ( aSILs) were investigated in detail for the 
subsurface laser-scanning, voltage modulation, photon emission and dark-field IC imaging 
applications. Wave-front sensing and shaping tech,niques were developed to evaluate and 
v 
mitigate optical aberrations originating from practical issues. Furthermore, the method of 
pupil function tailoring was explored for sub-diffraction spatial resolution. Super-resolving 
annular phase and amplitude pupil masks were developed and experimentally implemented. 
A record-breaking light confinement of 0.02>..6 (>..o refers to the free-space wavelength) was 
demonstrated using the vortex beams. 
The beam invasiveness is a critical issue in the optical circuit probing as the localized 
heat due to the absorption of the focused beams may unwittingly interfere with the circuit 
operation in the course of a measurement. A dual-phase interferometry assisted circuit 
probing was developed to enhance the signal extraction sensitivity by as much as an order 
of magnitude. Thus, the power requirement of the probe beam is significantly reduced to 
avert the consequences of the beam invasiveness. 
The optical systems and methods developed in this dissertation were successfully demon-
strated using a number of modern ICs including devices of 14nm, 22nm, 28nm and 32nm 
technology nodes. 
vi 
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Chapter 1 
Introduction 
The continuous scaling trend in semiconductor technology has radically transformed digital 
electronics in terms of speed, integration and reliability in the last decade. The technology 
development has become increasingly complex as new materials and transistor architectures 
have been introduced to address the emerging challenges as the critical dimensions of the 
devices have reached to the atomic scale. The circuit complexity resulting from diminishing 
features size and sophisticated electrical activity has rendered fault isolation and failure 
analysis (FA) immensely challenging in the recent years (Cole, 2008). 
Optical methods provide one of the most powerful approaches for large-scale non-
destructive failure analysis ofiCs with minimal sample preparation and cost (Wagner, 1999). 
The packaging and dense metal interconnects at the front-side of the modern chips often 
require the optical interrogation to be performed through silicon substrate. Based on their 
functionality, such backside optical methods are classified in two major categories: injec-
tion and probing techniques. The injection techniques employ near-infrared (NIR) beams 
inducing charge-carrier and thermal perturbations on the electrical characteristics of the 
ICs. The Optical Beam Induced Current (OBIC) (Xu and Denk, 1997) and Light-Induced 
Voltage Alteration (LIVA) (Phang et al., 2003) are two well-known methods exploiting the 
photo-absorption to monitor current and voltage changes in ICs, respectively. Beams with 
a photon energy smaller than the silicon band-gap can be absorbed by impurities inducing 
localized heat in the ICs. In the Optical Beam Induced Resistivity Change (OBIRCH) 
(Nikawa et al., 1999) and Temperature Induced Voltage Alteration (TIVA) (Falk, 2001) 
methods, the transient variation of local resistivity induced by the injected beam is mon-
itored at constant current or voltage modes, respectively, to localize faults on the inter-
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connect metals. The injection methods can be also operated in so-called dynamic mode 
in which the circuits are dynamically stimulated to map the fail/pass conditions while the 
laser beam is scanned across the circuit (Beaudoin et al., 2007). 
In optical probing methods, the electrical activity of ICs is monitored without induc-
ing perturbations (Martin et al., 2013). Laser-Voltage Probing (LVP) (Yee et al., 1999) 
and Photon Emission Microscopy (PEM) (Hawkins et al., 1990) are the most prominent 
examples of the probing techniques. In LVP, wave-forms are recorded by monitoring the 
intensity changes of a probe beam to interrogate the voltage induced refraction on a given 
circuit location. In PEM, the wave-forms are formed through recording the light emitted 
from devices in saturation. Both techniques can be also performed in frequency domain 
where two-dimensional images are formed to spatially map the circuit activity at a given 
frequency. 
1.1 Subsurface optical microscopy 
The subsurface nature of the optical interrogation in backside microscopy imposes several 
critical limitations on the system performance. First, the band-gap energy of silicon dictates 
the spectral window in which the light can be efficiently transmitted through the silicon 
substrate. Second, the geometric characteristics of the substrate surface has an impact on 
the optical performance of the system. The fiat silicon-air interface adds another surface 
in the optical path therefore excessive roughness and uneven surface profile can induce 
optical aberrations and scattering losses. Figure 1·1a shows the optical path of the light 
rays originating from a point buried in a planar slab. The Snell's Law imposes that the 
rays incident on the planar interface with a solid angle larger than the critical angle of total 
internal reflection (TIR) (BriR = arcsin(1/ns) where n 8 refers to index of the substrate) are 
trapped in the slab and not accessible by the imaging optics. Furthermore, the sub-critical 
rays escaping from the substrate undergo refraction at the interface introducing optical 
aberrations. 
A well-known approach in subsurface microscopy to circumvent the effects of the planar 
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Figure 1·1: Subsurface imaging trough planar interface. (a) Conventional 
air-gapped (b) Liquid immersion (c) Solid immersion subsurface imaging. 
interface is using an index matching liquid between the first lens and the substrate ensuring a 
homogeneous dielectric environment for the object. As diagrammatically shown in 1·1b, the 
index matching liquid provides a continuous dielectric medium between the optics and the 
object eliminating the flat interface and thus the TIR condition and the optical aberrations. 
Liquid immersion approach is in practice limited by the availability of the liquids matching 
the index of the substrates. Although exotic liquids with an index as high as rvl.7 are 
available, the liquid immersion approach is not an option for semiconductor substrates such 
as silicon. 
Solid immersion lenses (SILs) have been proposed to circumvent the limitations of the 
planar interface (Mansfield and Kino, 1990). A SIL is a plano-convex lens typically made 
out of the same material of the substrate it is placed on. The planar surface of the substrate 
is transformed to a spherical interface on which the refraction condition can eliminate both 
the TIR and the optical aberrations. Also, NA can go as high as the index of the substrate 
(ns) enhancing the optical performance in subsurface imaging (Ippolito, 2004; Koklti , 2010). 
1.2 Challenges and trends in backside optical FA 
Several research groups have developed SILs for backside optical IC imaging. Ippolito et. al. 
reported one of the first demonstrations of SILs on subsurface thermal imaging of ICs (Ip-
polito et al., 2004). Koklu et.al. showed wide-field and confocal reflectance imaging using 
SILs (Koklti et al. , 2008; Koklti et al., 2009; Koklii and Unlii, 2010). Serrels et.al. employed 
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SILs to perform OBIC demonstrating sub-100nm resolution through taking advantage of the 
two-photon absorption (Serrels et al., 2008; Serrels et al., 2009). Such laboratory demon-
strations of SILs spurred interest in developing novel SIL designs. Koyama et.al. milled 
a spherical surface on the backside of a silicon substrate transforming it into a SIL at a 
desired location for FA (Koyama et al., 2003). Similarly, Zachariasse et.al. fabricated a 
low-profile diffractive SIL on a silicon substrate surface (Zachariasse and Goossens, 2006). 
~ r· --------------------------------------------, 
1130 
140 110 100 80 60 40 10 0 
Technology Node (nm) 
Figure 1 ·2: Transistor scaling in the processing technology of Intel (Dixon-
Warren, 2012) . 
Despite the considerable research effort in the last decade, the back-side optical tools 
lack viable SIL tools meeting the requirements of back-side optical FA for the future IC 
technology. Figure 1·2 shows the scaling of the gate pitch at the various technology node 
defined as the minimum half-pitch of custom-layout metal interconnect according to the def-
inition of the International Technology Roadmap for Semiconductors (ITRS) . Considering 
the minimum gate pitch found in the advancing nodes, the Intelligence Advanced Research 
Projects Activity (IARPA) announced a roadmap reporting the technology requirements 
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for the backside optical FA methods (IARPA, 2009). The requirement for the optical signal 
localization is set to be at 80nm for the forthcoming llnm technology node. 
1.3 Objectives and overview of the dissertation 
The primary objective of this dissertation is to investigate and address the technical chal-
lenges associated with the implementation of SILs in back-side optical FA and develop 
optical systems to advance backside fault isolation methods. 
Following chapters of the dissertation are structured as follows. · Chapter 2 provides a 
detailed study of the optical theory of the SILs in the context of backside optical imaging of 
ICs. In particular, the centric and aplanatic SIL configurations are evaluated in terms their 
performance using a ray-tracing model. A rigorous vector field theory of light collection 
and focusing is developed to investigate the spatial resolution of aplanatic SIL ( aSIL) for 
backside IC imaging. The basic principles of the back-side imaging instrumentation are 
introduced and the proof-of-principle resolution measurements are presented. 
Chapter 3 explores the concept of super-resolution. A methodology of developing phase 
and amplitude pupil masks is established for improving the resolution beyond the diffrac-
tion limit at high-NA regime. A detailed experimental demonstration of sub-diffraction 
subsurface imaging is provided. 
Chapter 4 demonstrates a successful implementation of the aSIL in IC laser voltage 
imaging (LVI). Furthermore, the method of dual-phase interferometry assisted LVI is de-
veloped for enhancing the signal sensitivity as high as an order of magnitude. 
In Chapter 5, the aSIL is tested considering practical issues common in backside IC 
imaging. In particular, we study the impact of chromatic index dispersion and device 
temperature variations on subsurface imaging with aSILs. Moreover, a dark-field imaging 
method is demonstrated for enhancing the visibility of the buried circuit features and sup-
pressing the background light. 
Finally, the concluding remarks and future directions are provided in Chapter 6. 
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Chapter 2 
Fundamentals of subsurface solid immersion 
microscopy 
2.1 Wave-front aberration model of a spherical interface 
The purpose of this section is to extend the subsurface imaging discussion for an object 
buried under a generic spherical surface through developing the aberration function model 
of the imaging system. 
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Figure 2 ·1: (a) A geometric model of the subsurface imaging with spherical 
interface. GRS: Gaussian reference sphere. (b) Aberration function versus 
object depth. The markers c and a refer to the centric and aplanatic con-
ditions, respectively. Solid, dashed-dotted and dotted curves refer to ray 
angles of e = sin-1 (0.3), e = sin-1 (0.4) and e = sin-1(0.5), respectively. 
Figure 2·la shows a geometric representation of a subsurface imaging system in which 
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the object is buried under a spherical dielectric interface between two arbitrary dielectric 
media. The point object is located on the optical axis (A) and buried in a medium with an 
index n2 different than the surrounding medium with index n1. The rays originating from 
the point object are refracted at the spherical interface and reach the Gaussian Reference 
Sphere (GRS) representing the surface on which a spherical wave is collimated. In an 
aberration-free imaging system, the optical path length (OPL) of the rays reaching to the 
GRS is identical regardless of the ray angle and the variation of the optical path is accounted 
as the optical wave-front aberration. Considering the generic case of a spherical interface 
shown in Figure 2·1a, the angular optical path length difference on the GRS(<I>(O)) with 
respect to the paraxial focal point is given as: 
<I>(O) = OPL0 - OPL9 (2.1) 
where the f and Prefer to the curvature radius of the GRS and the geometric path of a ray 
from the source to the GRS. The optical paths in the aberration function can be derived 
as: 
PEBo = ~vo + R 
PnA = Rcos(x- 0) + ~ucosO 
Pnc = R cos(x - <P) + ~vo cos <P 
Using the Law of sines and Snell's law, we can obtain the following three angles: 
n1~v sin <P 
cos(x - 0) = arcsin( R ) 
n2 
. ~v sin <P 
cos(x - <P) = arcsm( R ) 
,~.. n . (~usin 0) . (n2~usin 0) 
o.p = u + arcs1n R - arcs1n 
n1R 
(2.2) 
(2.3) 
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The distances b.u and b.v correspond to the object and image distance from the center of 
the spherical surface whereas b.vo refers to the image distance for the paraxial rays: 
(2.4) 
To derive the expressions b.v and b.vo, we used the Law of sines and Snell's law; and the 
thin lens equation, respectively. The aberration function (<I> ( 0)) can be calculated for a 
given object location (b.u) using the Eqs. 2.2- 2.4. 
Consider the following scenario: the object is buried in silicon ( n2 = 3.5) and the 
surrounding medium is air (n1 = 1). The radius of curvature is 2.35mm and the wavelength 
of the monochromatic light is l.3f.tm. Figure 2·1b plots <I> for the ray angle 0 = sin-1 (0.5) , 
0 = sin-1 (0.4) and 0 = sin-1 (0.3) as a function of the object distance (b.u) from the center 
of the spherical surface (0). First, the aberration function vanishes when the object is at 
the geometric center of the sphere and at a depth of Rnl/n2 from the center, corresponding 
to the so-called centric and aplanatic points, respectively. In either aberration-free case, 
the paraxial focus (b.vo) and image distance (b.v) overlap on the optical axis equalizing the 
OPL for any ray angle. Second, the aberration increases as a function of ray angle indicating 
that the wave-front error becomes increasingly sensitive to the object location as a function 
of NA of the system. Third, the aberration variation is much slower in the vicinity of 
the centric point as compared to the aplanatic point. This has important consequences in 
practice rendering centric SILs more tolerant to the lens manufacturing and the substrate 
thinning errors. 
From an optical design perspective, the curvature radius is the primary parameter in 
the system. Figure 2·2a and 2·2b plot the aberration function for different curvature radius 
values for a ray angle of 0 = sin-1 (0.5), around the centric and aplanatic points, respectively. 
Larger curvature radius considerably relaxes the dependence of the aberration function to 
the object location in the vicinity of the centric point. On the other hand, the curvature 
radius has much less impact on the aberration in the proximity of the aplanatic point. 
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Figure 2·2: Aberration function in the vicinity of the centric (a) and the 
aplanatic (b) points. Ray angle is()= sin-1(0.5). 
2.2 Imaging with centric and aplanatic SILs 
In most microscopy applications the objects are not zero dimensional structures but are 
rather extended on a plane or in a volume. It is the aim of this section to analyze the off-
axis aberration characteristics of SILs in the plane orthogonal to the optical axis crossing 
the centric and aplanatic points. 
We used Zemax software to obtain a simple model of the SIL based 4-f imaging systems. 
Figures 2·3a and 2·3b illustrate the optical layout of the silicon cSIL and aSIL with R = 
2.35mm. In each case, the object space NA and the focal length ratio of the two paraxial 
lenses are respectively set at 3.0 and 10. The wavelength of monochromatic light is chosen 
as 1.36J.tm for the analysis. 
Figure 2·4 shows the spot diagrams of rays traced from the point source to the image 
plane (not shown in Fig. 2·3) for three off-axis locations indicated on the top (object plane) 
and the bottom (image plane) of the spot diagrams, respectively. Note that the cSIL and 
aSIL enhance the lateral magnification by a factor of nsi = 3.5 and n~i = 12.23, respec-
tively. 
When the object is located on the optical axis, the diffraction limited condition is con-
firmed. All the rays emanated from the point source falls to the center of the airy disk 
10 
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b 
Figure 2·3: Optical layout of the Zemax models (a)cSIL (b)aSIL. Curvature 
radius of the SILs is 2.35mm. (c) shows a zoomed picture of the transverse 
object plane, the rays emanating from points equally separated by a distance 
of lOpm. Arrow shows the optical axis. 
(shown as a black circle). For off-axis fields (lOJ.L-m and 20J.L-m in y-axis direction), the rays 
on the spot diagram are spread around the center indicating the presence of aberrations. 
While the spread of the rays is unidirectional in the cSIL case indicating the presence of de-
focus and astigmatism, the circularly symmetric spread hints the defo,cus as the dominating 
error in the aSIL case; For a more detailed analysis of the off-axis aberrations, standard 
Zernike coefficients are calculated for 20J.L-m off-axis field and the most significant terms 
are tabulated ignoring the piston, tip and tilt terms in Table 2.2. The astigmatism and 
defocus dominate the overall wave-front error in cSIL case while the defocus is the primary 
aberration reducing the optical performance in aSIL case confirming the observations in the 
spot diagrams. In terms of overall performance, aSIL provides significantly smaller off-axis 
aberration with an RMS error of 0.07 waves (versus 0.243 waves for centric case) assuming 
a set of identical optical parameters. 
Increasing the SIL radius can decrease the magnitude of the aberrations in both cases. 
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Figure 2·4: On-axis (left) and off-axis spot diagrams for (a) the centric and 
(b) the aplanatic conditions. 
We calculate the standard Zernike coefficients with R = 5mm radius of curvature for both 
cSIL and aSIL and adjust the thickness of the lens accordingly while all other parameters 
are kept the same as before. The RMS wave-front error is reduced approximately by 52% 
and 40% for cSIL and aSIL through increasing the curvature radius to 5mm from 2.35mm 
as shown in Table 2.2. 
Besides its impact on the off-axis performance, the curvature radius determines the 
maximum achievable NA in practice. As the SIL thickness is directly proportional to the 
radius, the curvature radius must be chosen such that the objective lens backing the SILs 
have sufficient working distance (WD) . Considering a practical SIL thickness on the order of 
several millimeters, the NA of the backing lens is practically limited to <0.75. The practical 
maximum achievable NA is thus limited to rv2.5 and rv3.5 for several millimeter thick cSILs 
and aSILs as the silicon cSIL and aSIL enhance the N A of the backing lens by a factor of 
nsi = 3.5 and n~i = 12.25, respectively. In fact , NA of the backing lens accompanying 
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Zernike Term cSIL [waves] aSIL [waves] 
z4 (defous) -0 .171 0.058 
z6 (astigmatism) 0.187 -0.021 
z7 (coma) - 0.008 0.002 
Z9 (trefoil) 0.003 -0.001 
Zn (spherical) 0.011 0.022 
Z12 -0.017 -0.001 
RMS wave-front error 0.243 0.070 
Table 2.1: The standard Zernike coefficients up to Z12 for the cSIL and the 
aSIL with R = 2.35mm for 20f.Lm off-axis location. Zero terms are ignored. 
an aSIL can be reduced to as low as rv 0.28 to take advantage of increased WD without 
compromising the NA at all. In this case, the increased WD allows larger curvature radius 
for an aSIL to improve its off-axis performance. 
2.3 Gallium-arsenide aSILs for subsurface IC imaging 
For a given NA, the wavelength of light is the factor determining the ultimate limit of 
spatial resolution (d <X A.o/NA). The bandgap absorption of silicon allows light propagation 
through substrate for the wavelengths longer than rv l.1f.Lm. Although thinning can reduce 
the absorption of the silicon substrate, the millimeter sized Si immersion lenses do not 
provide adequate transparency for wavelengths shorter than rv l.1f.Lm in back-side imaging. 
Gallium-arsenide ( GaAs) can be a viable SIL material for silicon substrates in the NIR 
spectrum. Figure 2·5a shows that GaAs is practically transparent and its real part of index 
is considerably similar to silicon in 0.9f.Lm <A. <l.2f.Lm. The spect ral transparency of GaAs 
at wavelengths shorter than rv l.1f.Lm can be exploited to improve the spatial resolution in 
back-side IC imaging. 
To estimate the imaging performance of GaAs aSIL in combination with Si substrates, 
we developed a ray-tracing model in Zemax as illustrated in 2·5b. The curvature radius of 
the aSIL is chosen as R= 2.35mm and its center thickness is adjusted based on the silicon 
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Figure 2 ·5: (a) Real (n) and imaginary (k) parts of the refractive index of 
GaAs (dotted) and Si (solid) in NIR wavelengths, (b) Ray tracing shaded 
model of backside imaging with GaAs aSIL on Si substrate, (c) Ray-trace 
analysis of RMS wave-front as a function of remaining silicon substrate thick-
ness with GaAs aSIL at NA = 3.0 and A=l.06p,m. DL (Diffraction limit) 
refers to 0.07 waves. 
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Zernike Term cSIL [waves] aSIL [waves] 
z4 (defocus) -0.074 0.038 
z6 (astigmatism) 0.097 -0.004 
z7 (coma) - 0.001 <0.001 
Zg (trefoil) <0.001 <-0.001 
Zn (spherical) 0.005 0.012 
Z12 -0.007 <-0.001 
RMS Wave-front error 0.115 0.042 
Table 2.2: The standard Zernike coefficients up to Z12 for a cSIL and an 
aSIL with R = 5mm for 20J.Lm off-axis location. Zero terms are ignored. 
substrate thickness to minimize the wave-front error. The system NA and wavelength are 
chosen as 3.0 and 1.06J.Lm, respectively. Figure 2·5c plots the correlation between the on-axis 
wave-front error and the silicon substrate thickness. Near diffraction limited performance 
(RMS wave-front error <0.07) can be obtained below 100J.Lm of silicon thickness with the 
given optical parameters. Table 2.3 breaks down the wave-front error into the terms of 
standard Zernike polynomials. The spherical and defocus terms are found to be dominant . 
The amplitude of the aberrations can be minimized through having substrates as thin as 
possible and using shorter wavelengths in the transparency window. 
Zernike Term Amplitude [waves] 
z4 o.o35 
Z11 -0.051 
Z22 -o.o3o 
Z37 o.OI7 
Table 2.3: On-axis aberration analysis. Zernike coefficients for GaAs aSIL 
with R = 2.5mm optimized for 100J.Lm silicon substrate thickness. Terms 
smaller than 0.01).. are neglected. 
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2.4 Spatial resolution of aSIL in IC imaging 
The point-spread function (PSF) is one of the well-known measures of spatial resolution 
of an imaging system. PSF refers to the spatial spread of the image of a single point 
source (Goodman, 2005). A point source is a delta-function in space and characterized by 
an infinitely large spatial frequency spectrum composed of both traveling (k<27r / >..) and 
evanescent waves (k>27r/A.). In a typical far-field imaging system, the evanescent waves as 
well as relatively higher frequency of the traveling waves are lost (depending on the NA) 
therefore the band-limited frequency spectrum of light forms the image of the point source 
with a certain degree of spread in space. The derivation of PSF based on Fourier optics 
cannot be applied to aSIL as the vector nature of light plays a critical role in the size and 
shape of the PSFs in high-NA imaging (Novotny and Hecht, 2006). 
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Figure 2·6: The classical definition of resolutions. (a) Classical Rayleigh, 
(b) Modified Rayleigh, (c) Sparrow, (d) Houston criteria. 
Since the invention of microscopes, a number of criteria have been proposed to estimate 
the limit of spatial resolution using the characteristics of PSFs. According to the Rayleigh 
criterion, the spatial resolution is defined as the distance between the central maximum 
and the first zero of the PSF as illustrated in 2·6a (Rayleigh, 1879). The modified Rayleigh 
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criterion is proposed to estimate the resolution for the PSFs without a zero in the vicinity 
of the peak found in such as aberrated and high-NA systems. According to the modified 
Rayleigh criterion (2·6b) , the spatial resolution is defined based on the distance between 
the peaks of two identical PSFs shifted from each other such that the ratio of the sum 
at the mid-point and the central maximum of the PSF is equal to 0.81 (Barakat, 1965) . 
The Sparrow criterion defines the resolution as the distance between the peaks of two PSF 
shifted from each other such that the sum at the midpoint is less t han the central maximum 
of the PSF as shown in Fig. 2·6 (Sparrow, 1916). Houston criterion defines the resolution 
as the full-width-at-half-maximum of the PSF (Houston, 1927) . It is important to note 
that these classical definitions among others presume certain qualities about the PSFs and 
the optical system. Factors such as optical aberrations, system noise, coherence etc. play 
important role in determining the actual resolving power of the system. 
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F igure 2·7: A F IB cross section image of a 22nm Intel device (Bohr, 
2012). (b) Schematic illustrating the insulating medium surrounding the 
metal wirings and gates. 
The exact details of the dielectric structure of ICs is vital for developing an accurate PSF 
modeling for backside imaging. The circuit features fabricated on the frontside of the silicon 
substrate such as resistors, capacitors, interconnects and transistor gates are surrounded by 
an insulating medium with a refractive index of nins = rv 1.5 as shown in Fig 2·7. The 
electromagnetic boundary conditions imposed on the dielectric interface between the silicon 
and the insulating media must be taken into account to understand the characteristics of 
PSF . The following section develop a rigorous framework to investigate image formation in 
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the aSIL based optical system. 
2.5 PSF of backside IC imaging with aSIL 
A dipole is the smallest radiation source in electro-magnetics. In the optical regime, light 
scattering or emission from point objects behave as dipole radiation. The image formation 
for a dipolar object with a moment of j1 = [f1x, [1y, f1z] and located at fd = [x, y, z] is 
illustrated in Fig. 2·8. The electromagnetic wave originating from the dipole source is 
refracted on the planar silicon-insulating media and the spherical silicon-air interfaces and 
collimated by a backing objective lens then focused on an image plane by a detector lens. 
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Figure 2 ·8: The schematic model of the backside IC imaging with an aSIL. 
The electric fields of an arbitrarily oriented electric dipole with a dipole moment j1 
located at fd is defined by the dyadic Green's function Go(f, r"d) in a homogeneous medium 
as (Novotny and Hecht, 2006): 
(2.5) 
where w and J-to refer to the oscillation frequency of the light and the vacuum permeability, 
respectively. In order to find the Green's function, we need to derive the vector potential( A) 
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using the scalar potential and the Helmholtz equation (Novotny and Hecht, 2006): 
(2.6) 
using the Weyl identity and E = iw [1 + k12 + '\7 '\7 ·]A, one can derive the Green's Func-
tion satisfying the homogeneous space solution in the insulating medium given as (Novotny 
and Hecht, 2006): 
00 00 
Go(f, r""d) = 8!2 I J .Jei[kxins(x-xd)+kyins(Y-Yd)+kzins(z-zd)] dkxins dkyins (2.7) 
-oo -oo 
_ 1 [ kfns - k'/cins 
A= k2 k . -kxinskyins 
ins zms -kxinskzins 
-kxinskyins 
kfns- k;ins 
-kyinskzins 
where kins refers to the wave-number (27rnins/ >.) on which the subscript shows the compo-
nent in a given coordinate axis. The electromagnetic wave emanating from a dipolar object 
can be expressed in terms of plane and evanescent waves in z>zd. The boundary conditions 
can be solved to account the planar dielectric interface and retain the far-field components 
of the angular spectrum to find the Green's function inside the silicon aSIL ( r » >.0 and 
r » li'dl) in spherical coordinates: 
0 
sin¢ cos BasiL <I> 2 
cos ¢<I>3 
where the potential terms are defined as: 
<T>l = nasiL kzaSILtins 
nins kzins p 
<]>2 = nasi L tins 
nins p 
<T>3 = kzaSI L tins 
kzins s 
(2.8) 
(2.9) 
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where t~ns and t~ns refer to the Fresnel coefficients at the planar silicon-insulating medium 
interface. The next step is to account for the refraction on the spherical surface of the aSIL to 
find the Green's function at the first Gaussian Reference Sphere (GRS1) of the objective lens 
with the focal length of h. We model the refraction assuming local planarity provided that 
the curvature radius of the sphere is significantly larger than the wavelength of light ( R » 
>.). This approach analogous to the Kirchoff approximation in surface scattering theory 
avoids solving the boundary conditions using spherical harmonics thereby the calculations 
are considerably simplified (Goh and Sheppard, 2009). 
(2.10) 
where the Fresnel transmission coefficients on the spherical surface of the aSIL are: 
taSIL = 2nasiL cos Bobj nasiL 
p nobj cos ()obj + nasiL cos BasiL nobj 
(2.11) 
aSIL 2nasiL cos Bobj nasiL t = ------~------~~~--
8 nasI L COS () obj + nobj COS ()aS I L nobj 
The light collected by the objective lens on GRS1 is focused on the image plane by a 
detector(tube) lens represented by the GRS2. Assuming the aplanatic boundary conditions 
for the objective and the tube lenses, the dyadic Green's function on the image plane in 
Cartesian coordinates is given below: 
G-. ( ) _ ikdetfobj l!f!;obj i(kdetfdet+kobjfobj) tm p, <p - 8 f e 7r det ndet 
-2il11 l 
-2il12 
0 
(2.12) 
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where the integral terms are: 
where 
Ornax 
Io = J sin OobjJcos Oobj [t~SIL<I>3 + t~SIL<I>2 cos Oasn] Jo(p)e-iz dOobj 
0 
Om ax 
In= J sinOobjJcosOobj [t~SIL<I> 1 sin0asn] J1(p)e-izcos<pdOobj 
0 
Om ax 
lr2 = J sinOobjJcosOobj [t~SIL<I> 1 sin0asn] J1(p)e-izsin<pdOobj 
0 
Omax 
h1 = J sinOobjJcosOobj [t~SIL<I> 3 - t~SIL<I>2 cosOasn] J2(p)e-iz cos2<pd0obj 
0 
I, ~ j"" sill 0 oOj v cos 0 oOj [ t~SJL <1>3 - t~SIL <1> 2 cos o.sn l J 2 (p )c'• sill 2<p dO oOj 
0 
p = Jx2 +y2 
<p = tan- 1(y/x) 
Y = - (kdet sin OdetYdet + kasiL sin OasiLYaSIL) 
(2.13) 
(2.14) 
z = d (kzins- kzasn)- ( kdet cos OdetZdet + kinsV1- (kasn/kins) 2 sin2 Oasnzd) 
The derivation steps between Eqs. 2.11 and 2.12 are skipped for the sake of brevity and 
these details can be found in the literature (Hu et al., 2011). The mathematical relations 
between various angles defined in the model conclude our derivation: 
nobi sin Oasn = nasn sin Oobi (2.15) 
f det sin 0 det = f obj sin () obj 
nins sin Oins = nasiL sin BaSIL 
21 
The Green's function in Eq. 2.12 allows us to obtain the electric field and light inten-
sity on the image plane due to an arbitrarily oriented dipole. Our analysis now focuses 
on a dipole oriented perpendicular to the optical axis since it is the most relevant case for 
conventional Gaussian beam illumination. Without losing the generality, the object with 
Ji = f../,iix is first assumed to be located at the aplanatic point found on the planar dielectric 
interface. Figures 2·9a, 2·9b and 2·9c shows the the quantity IEI2 to denote the PSFs for 
.>.0= 1.3 f.."m, at NA = 1, NA = 2 and NA = 3.3, respectively. The PSFs are characterized 
with a nearly circular shapes and the spot size is determined by the NA. Note that the peak 
intensity is enhanced by a factor of rv 65 by increasing the NA from 1 to 3.3. 
Figure 2·9d plots the spatial resolution for an object located at d = 0 (blue-dotted), 
d = 0.25f.." m (black-solid) and d = 0.5f.."m (black-dashed dotted) as a function of NA. While 
the full-width-at-half-maximum (FWHM)of the spots follows a similar trend at NA <1.5 
regardless of the depth of the dipole, the curves bifurcate and reach to the values at NA 
= 3.3 depending on the depth of the dipole. The central peak intensity of PSFs plotted 
on the right y-axis demonstrate a similar behavior. While the collected light intensity is 
independent from the dipole depth at NA <1.5, the depth plays a significant role on the 
light collection efficiency at NA >1.5. For instance, in the case of d = 0.5f.."m, the increase 
in NA make a marginal change in either the spatial resolution and the light collection. 
To understand the relation between the dipole depth (d) and the spatial resolution and 
the light collection efficiency, we simulated PSFs of dipoles located at d = 1f.."m, d = 0.5f.."m 
and d = 0 at an NA value of 3.3 and the results are shown in Figs. 2·10a, 2·10b and 
2·10c, respectively. Beside the enlarged spot size and diminished peak intensity, the PSF 
profile smears at increasing d due to the spherical aberration. The resolution is found to be 
inversely proportional to the dipole depth as shown in 2·10d. The best spatial resolution is 
expected to be rv 235nm for an object located in the very close proximity of the dielectric 
interface, while it increases rapidly to rv 700nm within a micron depth from the dielectric 
interface. 
Our analysis shows that the features located on the transistor level can be investigated 
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Figure 2·9: PSF of a horizontally aligned electric dipole at d = 0 case: 
(a) NA = 1, (b) NA = 2, (c) NA = 3.3 (d) Plot showing FWHM and peak 
intensity as a function of NA. The blue(dotted) indicates the FWHM of a 
buried dipole. The solid and dashed-dotted curves correspond to d = 0.25J.Lm 
and d = 0.5J.Lm, respectively. 
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Figure 2·10: PSF of a horizontally aligned electric dipole at NA =3.3 case: 
(a) d = lf.J.m, (b) d = 0.5f.J.m, (c) d = Of.J.m. (d) Plot showing the FWHM 
and peak intensity as a function of d at NA = 3.3. Ml and M3 indicate the 
depth (d) of metal-1 and metal-3 layers in a 32nm SOl chip. 
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by a resolution approximately A.o/5 while the such performance rapidly drops for the metal 
interconnects . In practice, such limitation may not be critical as the most FA is performed 
on the transistors and the lower level metals situated in the vicinity of the dielectric inter-
face. 
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Fig u re 2·11: (a) Logarithm of intensity on GRSl as a function BasiL for 
various dipole depth. (b) Wave-front error due to the forbidden light on 
n9 field component, (c)Wave-front error due to the forbidden light on n</> 
field component. (d) Wave-front error due to the spherical aberration. In 
all plots, black(solid), red(dashed-dotted), cyan (dotted) and blue(dashed) 
curves respectively correspond to d = 0, d = 0.25J.lm, d = 0.5J.lm, d = lJ.lm. 
The impact of the dielectric interface on the back-side imaging can be understood 
through closely examining the electromagnetic boundary conditions on this interface . The 
evanescent waves originating from the objects in the insulating medium are transformed 
into propagating waves in silicon immersion medium at angles higher than the critical angle 
of total internal reflection (OriR = sin-1 (nins/nsi) =,...., 25 °). Such propagating waves, 
so-called forbidden light, can be collected by the aSIL and thus contributes to the far-field 
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imaging (Ruckstuhl and Verdes, 2004; Novotny, 1997a; Novotny, 1997b). To understand the 
characteristics of the forbidden light at super-critical angles, the angular intensity profiles 
at GRSl are plotted for dipoles situated at varying depth as shown in 2-lla. While the 
radiation pattern is invariant for dipoles located at d = 0, d = 0.25J.Lm, d = 0.5J.Lm and 
d = lJ.Lm in the sub-critical zone ( <OriR), the depth of the dipoles has a drastic impact in 
the super-critical angle zone (>OriR)· The longitudinal component of the wave-vector in 
the insulating medium (kzins ) becomes imaginary at supercritical angles and therefore the 
amplitude of the plane wave components in the immersion medium decays rapidly. There-
fore the NA of the system is practically limited at nins ="-' 1.5 instead of nsi ="-' 3.5 for 
dipoles buried about a micron far from the interface. 
The evanescent wave origin of the propagating waves at the supercritical angles impacts 
the phase front of the collected light. The angular phase profile subtracted from the spher-
ical aberration component (il>sph = eid(kzins-kzasiL)) is plotted in Figs. 2·llb and 2·llc to 
demonstrate the phase error introduced by the forbidden light on the two orthogonal Eo and 
Erf> field components, respectively. While the wave-front is flat in the sub-critical zone, it 
is distorted at super-critical angles by the complex valued Fresnel transmission coefficients, 
a condition similarly observed in Goos-Hanchen effect explaining the relative phase shift of 
a beam undergoing TIR (Goos and Hanchen, 1947) . Note that the wave-front distortion 
originating from the forbidden light ( ii> for) is independent of the dipole depth but not of 
polarization. Figure 2-lld plots il>sph as a function of dipole depth. On the contrary to the 
aberration term due to the Forbidden light, the spherical aberration does depend on the 
dipole depth but not on polarization. Despite the both aberration terms are comparable 
when d < 0.25J.Lm, the spherical aberration dominates the overall wave-front for larger values 
of d. 
2.6 Instrument development and testing 
This section aims to introduce the instrumentation of the sub-surface imaging. Having the 
fundamental operating principle of the aSILs established in the previous sections, we here 
26 
explain the basic design and implementation aspects of the aSIL based objectives and the 
laser-scanning microscope (LSM). 
2.6.1 Aplanatic solid immersion lens objective 
The aplanatic solid immersion lens (aSIL) is the most critical component of a high-NA 
subsurface imaging system. The aSIL is typically integrated with an appropriate backing 
objective in a housing assembly. The radius of the aSIL must be chosen such that the 
working distance (WD) of the backing objective lens satisfies the minimum distance re-
quirements discussed in the previous section. The center thickness of the aSIL must be 
chosen based on the silicon substrate thickness typically lOOJ.tm or 50J.tm such that the 
silicon-insulating medium interface is located on the aplanatic point of the aSIL. Both the 
planar aSIL and silicon substrate surfaces must be polished well and clean of debris , dirt 
etc. to avoid any gap between the aSIL and the substrate (Zhang, 2006). A helpful practice 
for robust contact mechanism is to minimize the physical contact area between the aSIL 
and the substrate. The minimum area is determined by the NA and substrate thickness: 
Thinner the substrate, smaller the required contact area is. The contact area can be also 
altered through tapering the planar surface of the aSIL. 
Figure 2·12a shows a solid model and the geometric layout of the Si and GaAs aSILs 
designed at NA of,....., 3.3 for >. = l.3J.tm and >. = 1.06J.tm, respectively. The grove around 
the perimeter of the aSIL is diamond-turned for making room for the cantilevers to hold the 
SIL for the mechanical · assembly. The thin cantilever blades are glued on a flat base plate 
mounted on the flexure based housing shown in Fig. 2·12b (Stockbridge et al. , 2012). The 
housing has two crucial functions. First, the backing objective and aSIL must be assembled 
together such that the aSIL can move along the optical axial direction for the focus adjust-
ment. The axial freedom can be also utilized to improve the optical contact through forcing 
the aSIL onto the silicon substrate while the imaging is performed. Second, the housing 
must allow centering of the aSIL in the axis perpendicular to the optical axis. The shims 
and set screws shown in Fig. 2·12b are used for such centering alignment. 
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Figure 2·12: (a) The solid model (bottom) and geometric layout of Si 
and GaAs aSILs designed for the substrate thickness of lOOp,m and 50p,m, 
respectively. The thickness difference of the GaAs design from the Si design 
is shown as red (top). (b) The solid models of a cantilever holding the aSIL 
and mounted on a base plate (bottom), and the housing on which the base 
plate is mounted (top) . 
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a 
c 
Figure 2·13: (a) A macro-shot of an aSIL with cantilevers attached. (b) 
A picture showing a tapered Si aSIL (on top) and an non-tapered GaAs 
aSIL (on the bottom) are mounted on the plates. (c) A picture showing 
the assembly is mounted on the turret of the LSM next to a 20X Mitutoyo 
objective. 
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Figure 2·13 shows the pieces of a manufactured prototype. The cantilevers are mounted 
on an aSIL as shown in Fig. 2·13a prior to assembling the aSIL on a plate . Fig. 2·13b 
shows a picture of two base plates with a tapered Si aSIL on top and a GaAs aSIL on 
bottom. After the base plates are mounted on the housing and the centering is performed, 
the assembly is ready to be used as shown in Fig. 2·13c. 
One of the critical instrumentation tasks is choosing an appropriate backing objective 
lens accompanying the aSIL. The important parameters areNA, working distance (WD) , 
magnification and optical transmission etc. In order to obtain anNA= ,....., 3.5, the theoret-
ically possible value, the backing objective NA is required to be 1/nsi =rv 0.28. Objective 
lenses with NA higher than this value can be used without additional benefit in terms of 
spatial resolution. The WD of the objective lens must be sufficiently large to satisfy the min-
imum separation requirement at the aplanatic imaging condition (WD = Rasn(nsi + 1)). 
The magnification/focal length of the objective lens is an important parameter in certain 
imaging applications in which the Nyquist sampling rate is a concern. The light throughput 
efficiency is critical in photon-starved applications. The list can be extended further to cost 
and optical corrections offered etc. Most of such specifications can be obtained from the 
data-sheets of the off-the-shelf products. Table 2.4 lists several objective lenses meeting the 
minimum requirements providing maximum possible NA. In all our measurements, we use 
Mitutoyo 20X Plan APO lenses. 
Objective Lens NA WD Focal length Trans. 
Mitutoyo 20X Plan APO 0.4 25.5mm lOmm >0.5 
Mitutoyo 50X Plan APO 0.42 17mm 4mm >0.5 
Olympus lOX LMPLN 0.3 18mm 22mm >0.7 
Olympus 20X LCPLN 0.45 8.3mm 22mm > 0.7 
Seiwa 20X M Plan APO 0.4 22mm lOmm n.a. 
Seiwa 50X M Plan APO 0.42 20.5mm 4mm n.a. 
Table 2.4: A list of near-infra-red backing objective alternatives from major 
vendors. 
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2.6.2 Basic laser-scanning microscope 
The laser-scanning microscope (LSM) is a standard imaging tool in which two-dimensional 
image formation is achieved through scanning the focused beam on the focal plane while 
the objective lens and the test chip are stationary. Here we describe a basic reflection-mode 
LSM developed to perform sub-surface imaging on ICs. 
BS 
Figure 2 ·14: Schematic of a basic LSM. L: lens, D: detector, BS: beam-
splitter, PE: pre-amplifier, LD: laser-diode, SM: scanning-mirror, DAQ: 
data-acquisition-card, P: polarization optics. 
A layout of our LSM is shown in Fig. 2·14. A single mode fiber (SMF) coupled laser 
source is attached to the input port of the LSM. A doublet or aspheric lens is used to 
collimate the diverging beam emanating from the fiber. After the collimated beam traverses 
the beam-splitter, a beam deflector projects the beam to the objective entrance pupil. A 
4-f (scan and tube lenses) lens pair is typically placed between the beam deflector and the 
objective to ensure the optical conjugation between the entrance pupil and the deflector 
surface. The beam is then focused by the objective lens through the aSIL on the object 
plane. The deflection can be realized in a number of ways such as using a tip-tilt mirror, 
galvanometer mirrors or acousto-optic deflectors etc. We used a closely spaced pair of 
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galvanometer mirrors to scan the beam in two axis orthogonal to the optical axis in our 
studies. The focused beam is reflected and scattered from the features located on the object 
plane. After the light is collected by the same aSIL and objective lens (epi-configuration), 
the beam traces the same optical path in reverse. The beam splitter directs the beam 
towards the detection arm of the LSM so that the collected light is focused on a photo-
detector. The photo-current is converted to photo-voltage by a pre-amplifier prior to the 
digital conversion in a data-acquisition-card for computer calculations. A custom graphic-
user-interface (GUI) is developed in Labview for the hardware control, image acquisition 
and analysis. 
In certain applications, the polarization of light must be manipulated by polarization 
optics positioned in the optical path. In our initial studies, we used linearly and circularly 
polarized Gaussian beams for illumination through using combinations of linear polarizer 
and a quarter-wave-plate in the illumination path of the optical system. The quarter-wave-
plate can be replaced by a half-wave-plate if the linear polarization angle is desired to be 
changed. 
The LSM can be modified to function as a confocal system, if a sufficiently small pinhole 
is placed in front of the photo-receiver. The confocal modality is effective not only rejecting 
stray light but also to increase the depth resolution. 
This simple system represents the basic version of our back-side aSIL based LSM while 
it is modified in various ways to enhance its capabilities as we discuss in the forthcoming 
chapters . 
2.6.3 Test chips 
We used a number of chips to test the performance of the LSM and the aSIL in this 
dissertation. These chips can be categorized in two groups. First group includes silicon 
substrates containing various calibration targets on its surface typically used for atomic-force 
or scanning-electron microscopes. A silicon chip with custom-designed features is designed 
and fabricated using electron-beam-lithography and lift-off processes. Second group consists 
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of IC chips of 180nm, 28nm, 22nm and 14nm bulk silicon technology and also 32nm SOl 
technology. 
2.6.4 Resolution tests 
Our initial studies were focused on the custom designed chip. Figures 2·15a and 2·15b show 
a frontside SEM and backside LSM images of approximately 20J.Lm field diameter. The chip 
contains vertical and horizontal critical dimension features with varying pitch covering a 
range 356nm- 120nm, sub-diffraction rods (in the center of the images) and relatively large 
features (on the middle right of the images). The critical dimension features are used to 
estimate the spatial resolution and modulation contrast as we elaborate in the following. 
a b 
Figure 2·15: A front-side SEM (a) and back-side LSM (b) 1mages of a 
portion of the custom designed chip . 
Figure 2·16a shows a backside LSM image of critical dimension features acquired with 
a circularly polarized illumination (..\o = 1.3lJ.Lm). The lines with pitch from 356nm to 
252nm are resolved based on the Sparrow criterion. The circular symmetric of the focused 
spot geometry with circular polarization result in very similar contrast and resolution for 
both horizontal and vertical lines. The effect of the circularly asymmetric spot of the linear 
polarization is illustrated in the high-magnification images shown in 2·16b and 2·16c for 
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which the polarization is aligned vertically and horizontally, respectively. While the 224nm 
line pitch is not resolved properly in either case, the modulation contrast observed on 252nm 
line pitch is higher on the horizontal than the vertical lines in 2·16b and vertical than the 
horizontal lines in 2·16c. 
a b 
c 
Figure 2·16: (a) LSM image acquired with circular polarization illumina-
tion of horizontal and vertical critical dimension features with pitch 356nm, 
318nm, 282nm, 252nm, 224nm top to bottom, respectively. (b) A higher 
magnification images of the features marked in (a) using vertically aligned 
linear polarization. (c) Same as (b) except with horizontally aligned linear 
polarization. 
To confirm the performance of the aSIL in a commercial LSM system developed for IC 
inspection by the DCG Systems, we compared our silicon aSIL objective with an industry 
standard silicon cSIL with NA = 2.45 developed by DCG Systems on the same test chip. 
Figures 2·17a and 2·17b compare the LSM images of the critical dimension features acquired 
using the aSIL and the cSIL on a Meridian-IV platform in the DCG Systems headquarters. 
We used a circularly polarized illumination source with .\o = 1.32,um. While the cSIL 
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was able to resolve line pitch 356nm, the modulation contrast is not visible on the smaller 
pitch. On the other hand, aSIL was able to resolve lines down to 282nm as shown in this 
image in agreement with our testbed measurements. The backside resolution tests on the 
silicon substrates successfully demonstrated the resolving power expected from a N A = 3.3 
objective lens based on the vector calculations. 
a b 
356nm 
318nm 
282nm 
Figure 2·17: A comparison of aSIL developed in BU (NA = 3.3), and the 
cSIL with NA = 2.45 developed by DCG Systems. The line pitch is shown 
in th center next to the lines. 
The alternative to the bulk silicon process is the silicon-on-insulator technology in which 
the thin depleted silicon layer for transistor terminals is isolated from the thick substrate 
by a buried oxide box(BOX) (Cauchy and Andieu, 2010). The thickness of the traditional 
BOX varies between lOOnm and 200nm depending on the node while the thickness of the 
ultra-thin BOX found in relatively more advanced nodes is much t hinner and approximately 
15nm-25nm. Based on the developed analysis in the previous section, the spatial resolution 
is expected to be dramatically reduced for the traditional BOX devices whereas the ultra-
thin BOX is eipected have negligible effect. 
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We performed resolution analysis on two 32nm SOl chips: Fever-1 and Fever-2. Both 
chips feature the traditional BOX with an estimated BOX thickness of 160nm. Figure 2·18a 
illustrates the critical dimension features on the diffusion layer of the chip . According to 
the dimensions of the features in CAD layout of the chip, the spatial resolution is found to 
be rv370nm using a silicon aSIL and an illumination source with .A= 1.34f.tm. The visibility 
of the smaller features is significantly deteriorated by the interference originating from the 
reflections from closely spaced layers at various depths. A snapshot of the CAD layout 
shown in Fig. 2·18b shows the presence of the dummy metal fillings behind the diffusion 
layer. 
a b 
Figure 2 ·18: (a) An LSM image of the critical dimension targets on diffu-
sion layer in the Fever-1 device. (b) CAD layout showing the filling metals 
underneath the critical dimension features. 
2.7 Summary 
The wave-front aberration model of a generic spherical interface is developed to investigate 
closely two distinct solid immersion lens configurations: cSIL and aSIL. The designs are 
compared based on their on-axis and off-axis aberration characteristics in the vicinity of 
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the aberration-free imaging. The WD limitation of cSIL hinders its adoption in NA i 3.0 
applications whereas the aSlL is in principle provide a more practical approach in this 
regime with precise sample preparation routines. 
The Green's function of aSlL is developed to study spatial resolution in high-NA back-
side lC imaging. While the device levels close to the silicon-insulator interface can be 
interrogated with an impressive spatial resolution down to A.o/5, the performance degrades 
for high level metal levels . 
The details of the instrument development is presented. Experimental tests verified the 
diffraction limited resolving power of aSlL expected from the theoretical analysis. While 
the bulk silicon chips and ultra-thin BOX SOl can take advantage of high-NA provided by 
the aSIL, the resolving power is compromised by the thick BOX embedded in the standard 
SOl chips. 
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Chapter 3 
Super-resolution in subsurface imaging 
The spatial resolution is determined by the wavelength of light and numerical aperture in a 
far-field optical system and limited around a half wavelength (Goodman, 2005). The idea 
of reaching beyond this limit through pupil function engineering can be followed back to 
Rayleigh (Rayleigh, 1872). He recognized that the PSF of a narrow annulus can be ex-
pressed in terms of a zero-order Bessel function and a simple pupil annulus can decrease the 
width of the central peak of PSF at the expense of energy confinement. A problem closely 
related to the optical resolution was investigated for microwave antennas several decades 
ago. In an attempt to design super-directive antennas, Schelkunoff demonstrated that the 
radiation pattern can be tailored to achieve super-directivity through adjusting the location 
of so-called 'cones of silence' (Schelkunoff, 1943). Later, Bouwkamp studied the optimal 
design of linear antennas for super-directivity and concluded that there is no upper limit 
of gain. Yet, the required current levels are impractically large to take advantage of such 
limitless super-directivity (Bouwkamp and Bruijn, 1946). Toraldo di Francia investigated 
the concept of super-directing pupils in the context of optical microscopy following the in-
spiring work in the microwave. He recognized that the central disk of a PSF can be reduced 
through having a series of pupil annuli designed with complex transmission function (Fran-
cia, 1952). Since then, numerous studies have been devoted to investigate the performance 
of pupil masks from scientific and technological perspectives. An extended review of optical 
super-resolution can be found in (Lindberg, 2012). 
The super-resolution through pupil function engineering can be fundamentally under-
stood by super-oscillatory characteristics of the light focused by far-field optics (Rogers 
and Zheludev, 2013). According to the super-oscillation theorem, a waveform can locally 
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oscillate faster than its highest frequency component. While uniform pupil function cre-
ates localized light spots spatially limited by the Fourier spectrum components known as 
the diffraction limit, it can be surpassed through engineering the pupil function to create 
super-oscillating PSFs. 
In the following, we start from the basic concept of pupil function and define several 
performance parameters for super-resolving PSFs and then develop a theoretical analysis 
of pupil masks for the high-NA regime. Finally, we demonstrate a super-resolution imaging 
application in the domain of subsurface imaging. 
3.1 Performance parameters 
Point spread function defines the impulse response of an optical system and is a critical 
parameter to estimate the imaging performance of the system. It is well known in scalar 
optics theory that a uniformly illuminated circular aperture with a normalized pupil di-
ameter D results in a diffraction pattern of the Airy disk with a central disk of radius of 
1.22>../D and surrounded by alternating dark and bright rings (Mertz, 2009). 
a 
D 
Figure 3-1: (a) A schematic of a focusing system with a clear pupil. (b) The 
light intensity on the focal plane of a paraxial lens - The Airy function. (c) 
Various performance parameters defined on a PSF. I: Strehl ratio, II: Spot 
width, III: First significant side-lobe distance, IV: First significant side-lobe 
amplitude. 
Several characteristics of a PSF can define performance parameters of an imaging sys-
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tern. One of such characteristics is the Strehl ratio referring to the peak intensity of the 
central disk of PSF of a given system relative with respect to the diffraction limited system. 
It is widely used in both industry and academic communities to describe the quality of the 
real-life optics. Luneberg showed that any deviation from the clear pupil function condi-
tion leads to drop of Strehl Ratio therefore it takes a value between 0 and 1 in an optical 
system (Luneburg and Herzberger, 1964). Another critical parameter is the width of the 
first disk measured by full-width-at-half-maximum or alternatively the position of first zero 
intensity. Although this parameter can be directly correlated to the resolving power in 
an ideal optical system (such as Houston or Rayleigh criteria) , the relative strength and 
position of the side-lobes with respect to the optical axis become critical for resolution in 
non-ideal systems. Ratio of the first side-lobe peak to the central disk and the distance of 
the first side-lobe peak to the optical axis are included in the list of parameters to assess the 
imaging performance in a quantitative fashion. Figure 3·1 diagrammatically shows these 
parameters. 
The goal of a super-resolving pupil mask is to modify the diffraction-limited PSF such 
that the super-resolving PSF has a narrow central peak and a high Strehl ratio and also side-
lobes with small amplitude and distant peaks. Such task is obviously bound by trade-offs 
between the performance parameters as discussed in the following section. 
3.2 Super-resolving pupil masks 
The field in the focal region of a paraxial lens with a narrow annular pupil is given as: 
E(p) = Jo(kpsin 0) (3.1) 
where k and 0 refer to the wavenumber and the aperture angle, respectively. A cross section 
of the diffraction pattern of an annulus is compared to a clear pupil at the maximum 
aperture angle of 0 = 90oin Figure 3·2a. The first zero of the intensity of the diffraction 
pattern is situated at approximately 0.38..\ as compared to 0.61..\ of the clear pupil. The peak 
intensity of the first side-lobe is higher by a factor of ten in comparison the side-lobe in clear 
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aperture case. To understand the behavior of such PSF in the spatial frequency domain, 
modulation transfer function (MTF) can be calculated by taking the Fourier transform of 
PSF (Goodman, 2005) . Figure 3·3b plots the contrast transfer ability as a function of spatial 
frequency. For the annular aperture, the presence of the enhanced side-lobes considerably 
reduces the MTF in the lower frequencies whereas the contrast transfer ability is improved 
towards the high-frequency cut-off limit. The pronounced side-lobes are well known to be 
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Figure 3 ·2: (a) Half cross-section of PSFs for clear and annular apertures 
at an aperture angle of () = go·. (b) Modulation transfer functions for clear 
and annular apertures at an aperture angle of () = go·. 
detrimental to image quality. Toraldo Di Francia theoretically showed that not only the 
central disk can squeezed but also the side-lobes can be pushed away from the optical axis 
through including multiple annuli in the pupil (Francia, 1g52) . 
Assuming the pupil is constituted of N narrow annuli, the focal field distribution can 
be expressed as: 
N 
E(p) = LAnei<PnJo(kpsinOn) (3.2) 
n=l 
where the An and <Pn refer to the real valued amplitude and phase factors of each annulus, 
respectively. Equation 3.2 can be numerically solved for the scaling factors An and <Pn such 
that the intensity vanishes at given Pl, p2, ···Pn-1· The zero solutions can be imposed in 
the vicinity of the center disk so that the side-lobes are conveniently situated far from the 
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squeezed central disk of the diffraction pattern. Figures 3·3a-d demonstrate examples of 
PSFs obtained with multi-annulus pupils designed such that the side lobes are pushed away 
from the optical axis to achieve larger field of view. This has been achieved through solving 
Eq.3.2 and imposing zero solutions at increments of 0.2). for each additional annulus after 
the first zero situated at 0.4). with uniformly separated annuli (step size of /).() = pij2N) 
within the maximum aperture angle of () = 90°. The 12-annulus pupil yields a PSF with its 
central peak smaller than the diffraction limit and its first major side-lobe is kept as far as 
2.5-\ away from the optical axis. The scaling factors of the 12-annulus pupil are tabulated 
in Table 3.2 as an example. 
n An cPn 
1 1.086 0 
2 2.854 7r 
3 3.078 0 
4 0.608 0 
5 4.160 7r 
6 2.369 0 
7 4.236 0 
8 1.888 7r 
9 4.881 7r 
10 3.498 7r 
11 2.995 0 
12 4.887 0 
Table 3.1: The scaling factors for the 12-annulus mask shown Fig.3·3d. 
Sales and Morris interrogated the relation between the achievable Strehl Ratio for a 
given spot size on the basis of the scalar diffraction theory (Sales and Morris, 1997): 
(3.3) 
where G and A refer to super-resolution factor (ratio of the central disk size to the Airy 
disk size) and the maximum value of amplitude transmittance, respectively. The term ryf 
indicates the numerical value of the first zero of the Airy function on the focal plane. Fig-
ure 3-4 illustrates the rapid decrease of Strehl ratio in the deep super-resolution regime. A 
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Figure 3·3: Narrow central lobes with varying degree of side-lobe suppres-
sion with equally separated (a) 3 (b) 6 (c) 8 and (d) 12 annuli. 
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factor of G = 0.4 or smaller can be obtained only with a maximum possible Strehl ratio 
less than 0 .1. 
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Figure 3·4: Strehl ratio vs normalized central disk diameter 
Based on the practical limitations, the mask variables must be chosen carefully for an 
optimal performance. For instance, extremely low Strehl ratio is impractical for most appli-
cations. Furthermore limited manufacturing precision can restrict the degree of complexity 
of the pupil function. 
3.3 Pupil masks in high-NA regime 
The theoretical foundations so far have been investigated in the context of the scalar theory 
of diffraction in which the vector nature of light is neglected. Although such assumption 
holds in the paraxial regime of imaging, the polarization must be accounted in high-NA 
systems. Such concern is particularly valid as the super-resolution methods are practically 
more useful when the numerical aperture of the system is at the highest possible value. 
Here, we extend the modeling of super-resolution into the high-NA regime using the De bye-
Wolf vector diffraction theory (Richards and Wolf, 1959). 
Assuming a circularly polarized coherent illumination, the electric field distribution on 
the focal plane of a high-NA lens with a pupil constituted of N narrow annuli can be 
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expressed as (Novotny and Hecht, 2006): 
N 
Ec(p) = 2: Aneirf>n [(100 + 102 )ex + i(I00 - I(j2)ey- 2il(jl e'.z] 
n=l 
where 100 01 02 terms are defined as: 
' ' 
100 (kpsin On) =sin On(l +cos On)Jo(kpsin On) 
101 (kp sin On) = sin2 OnJ 1 (kp sin On) 
(3.4) 
(3.5) 
The Bessel functions of high orders appear in the focal field expressions and thus the spatial 
distribution of the focal fields differs from the one derived from Scalar theory. While two 
orthogonal transverse field components (~ and ey) are confined due to zero-order Bessel 
function Jo, the longitudinal field component (ez) form a doughnut shaped intensity profile 
around the optical axis due to the behavior of second order Bessel function (J2) in the 
proximity of origin. Also note that Eq.3.4 becomes identical to Eq.3.2 in the small polar 
angle limit (On~ 0). 
Gaussian beams are the ubiquitous illumination method in most conventional imaging 
applications due to the ease of generation and manipulation of such beams in optical sys-
tems. Higher-order Hermite-Gauss beams have recently attracted considerable attention 
due to their interesting characteristics potentially useful in high-NA imaging. The most 
notable class is the vortex beams containing polarization or phase singularities and thus 
intensity null in the center. The unique characteristics of cylindrical vector beams have 
been the topic of numerous theoretical and experimental studies in the recent years (Zhan, 
2009). The spatially variant polarization behavior of these beams has been utilized in var-
ious microscopy applications such as polarization encoding (Li et al., 2012) and particle 
trapping and manipulation (Wang et al., 2008). Among several sub-classes of cylindrical 
vector beams, radially polarized beams (RPBs) have gained considerable attention due to 
the strong and well-confined longitudinal electrical field component under tight focusing 
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conditions (Darn et al., 2003). Various theoretical studies have shown that the presence 
of the confined longitudinal component of the RPB can lead to smaller focal spots than 
conventional linear and circular polarizations in high-NA systems (Lerman and Levy, 2008; 
Sheppard and Choudhury, 2004; Pereira and van de Nes, 2004; Chen et al., 2013; Lin et al., 
2011) . The focal field of RPBs due to a pupil consisting of N annuli can be expressed in 
the following: 
N 
Er (p) = L Aneirf>n [i(l]\ - 112) cos c/Jex + i(l]\ - 112) sin c/Je"y - 4il1oe'.z] (3.6) 
n=l 
where 11o,n ,12 terms are defined as: 
110 (kpsin0n) =sin3 OnJo(kpsinOn) 
111 (kpsin On) = sin2 On(l + 3 cos On)Jl (kpsin On) 
112 (kp sin On) = sin2 On(l -cos On)Jl (kp sin On) (3.7) 
The zero-order Bessel function providing confinement around the optical axis is found 
in the longitudinal field e'.z vector component unlike the fundamental mode beams. As the 
strength of longitudinal vector increases as a function of the aperture angle, the difference 
between the spot size estimated by the Scalar and Vector Theories becomes smaller in the 
case of RPBs in high-NA regime. 
Figures 3·5a and 3·5b compare the cross section of the normalized intensity on the focal 
plane for circularly, radially polarized and paraxial annuli at an aperture angle of 90oand 
20°, respectively. At the high-NA condition, the transverse component of the radially po-
larized annulus vanishes and the longitudinal field profile becomes identical to the profile 
of the one estimated by the scalar theory. In the case of circular polarization, the intensity 
does not reach to zero in the close proximity of the optical axis and also the side-lobes are 
smeared due to the presence of high order Bessel terms in the intensity. At the low-NA 
limit, the intensity distributions radically change for both polarizations. The peak intensity 
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Figure 3·5: Focal intensity comparison between vector and scalar analysis 
at annulus aperture angle of (a) 90oand (b) 20°. AC, AR and AS refer to 
annulus with circular, radial polarizations and scalar, respectively. 
of the radial polarization is no longer on the optical axis and the concept of central disk 
width does not apply any longer. On the other hand, circular polarization follows the scalar 
theory in terms of the focal intensity profile as the contributions from the longitudinal field 
component is negligible in the low-NA regime. 
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Figure 3·6: Examples of the focal intensity with super-resolving mask using 
circularly (a) and radially (b) polarized inputs in a high-NA system. 
The PSF engineering follows the same procedure described in the previous section. The 
time averaged intensity derived from Eqs.3.4 and 3.6 are numerically solved such that the 
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solution is forced to be minimized at· desired coordinate locations in order to shrink the 
central disk width and push the side-lobes away from the optical axis. Figure 3·6 shows 
12-annuli mask examples for the circular and radial polarization inputs such that the first 
minimum is forced to be located within a disk diameter of 0.4). around the optical axis and 
side lobes are forced to be smaller than 0.15 within a disk diameter of 1.75>. around the 
optical axis. Note that the number of the side-lobes within the 'cone of silence' is deter-
mined by the number of constraints on the solver. The cost function is imposed at locations 
Pmin = (0.32>., 0.4). , 0.6>., 0.85)., 1.1>., 1.3)., 1.55). and 1.7>.); and Pmin = (0.35)., 0.55)., 
0.8>., l.O.A, 1.25>. and 1.7>.) for the radial and circular polarization cases, respectively. The 
technical details of the 12-annuli masks obtained after optimization are tabulated in Table 
3.2. 
Circular Radial 
n An cPn An cPn 
1 16.8797 0 6.6839 0 
2 15.1482 1f 0.8194 0 
3 0.2729 1f 2.1582 1f 
4 0.3998 0 0.7885 0 
5 0.1086 0 0.7490 0 
6 6.0997 1f 0.7094 1f 
7 2.2494 1f 0.4532 1f 
8 3.7923 0 0.8256 0 
9 4.2862 0 0.0463 0 
10 1.8329 0 0.6359 1f 
11 1.6229 1f 0.3459 0 
12 4.0182 1f 0.0418 1f 
Table 3.2: The scaling factors for 12-annulus mask shown Fig.3·6. 
For a practical implementation of the masks, the details of the optical system must be 
carefully considered. One of such aspects requiring scrutiny is the dielectric boundaries 
in a high-NA optical system. Such interfaces could be spheric lens surfaces such as aSIL 
or consisting of planar complex dielectric structure such as silicon subbstrate of ICs. The 
proper transmission coefficients must be included in the expressions given in Eqs. 3.4- 3.7. 
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Another important assumptions of the developed model is that the constituent annuli are 
assumed to be infinitesimally narrow. The light throughput can be an issue in real-life sce-
narios. The pupil should be considered as a structure of nested annuli and impose realistic 
boundary conditions between neighboring elements during the mask optimization process. 
The mask optimization process is an important step in designing pupil masks. System of 
nonlinear equations are required to be solved such that a cost function minimization process 
is carried out. In the examples discussed above, we used a custom code developed in MAT-
LAB using a least-square algorithm. The implementation of the algorithm described here 
usually rapidly converges to a solution satisfying the conditions imposed on relatively simple 
case-studies described above. The optimization of an advanced mask design algorithm is 
out of scope of this thesis and deserves in-depth and dedicated investigation. The efficiency 
and robustness of the algorithm become particularly important in complex optimization 
routines required by practical pupil masks constrained by the manufacturing process. 
3.4 Vortex beams in aSIL microscopy 
This section demonstrates the implementation of the vortex beams in aSIL microscopy 
for super-resolution performance. The following subsections establish theoretical and ex-
perimental frameworks regarding the practical concerns and then the implementation of a 
simple binary amplitude mask. 
3.4.1 Vector asymmetry effects on focusing performance 
Radially polarized beams with exceptional mode purity and vect or symmetry can be gen-
erated in various ways (Ramachandran et al., 2009; Kozawa and Sato, 2005; Ahmed et al., 
2007; Beversluis et al., 2006; Maurer et al., 2007). The challenge is in preserving the mode 
purity during manipulating the beam for guiding, positioning and scanning along the op-
tical path of a practical LSM (Zhan and Leger, 2002). Interaction with the flat reflective 
or transmissive surfaces of the optical components introduces relative phase retardance and 
amplitude variation between TE and TM polarizations. This leads to the degradation of 
the vector symmetry of the RPB and hinders realizing optimal focused spots in a high 
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numerical aperture optical system unless it is compensated prior to focusing. 
We theoretically and experimentally studied the effect of the imperfect vector sym-
metry of RPB on the focal fields and also on spatial resolution. We observed that the 
phase retardance due to the basic building blocks of a laser scanning microscope such as 
mirrors and non-polarizing beamsplitters considerably alter the spot characteristics under 
high-NA conditions. We also demonstrated that a liquid crystal based variable retarder 
can pre-compensate the phase perturbations along the optical path to recover the mode 
purity of RPB and a well-confined rotationally symmetric focused spot with a full-width-
half-maximum of '""' A.o/5. 7 at A.o = 1310nm. 
First, we establish a theoretical representation for radially polarized beams (RPBs). In 
the paraxial conditions, RPB can be expressed as the superposition of the orthogonally 
polarized Hermite-Gauss modes HG01 and HG10 (Novotny and Hecht, 2006): 
RPB = HG10ex + HG01ey (3.8) 
The spatial intensity profile of the RPB is shown in the far left column of Fig. 3-7(a). The 
beam intensity distribution resembles a doughnut in which the center is dark. A typical test 
for the vector property of the beam is that the transmitted beam through an analyzer looks 
like two spots with its symmetry axis is along the principal axis of the analyzer (top row 
Fig. 3-7). As the collimated beam travels along the optical path of a practical microscope, 
it is expanded and shrunk by telescopic lens pairs and its path is directed by metallic and 
dielectric flat mirrors and beamsplitters. At each occurrence, the HG10 component of the 
RPB acquires a phase and amplitude term relative to the HGo1 component due to the fact 
that the Fresnel coefficients forTE and TM polarizations differ for oblique incidence onto a 
flat optical surface. Assuming the optical path has no wave-front aberrations, the modified 
RPB (RPBm) at the pupil plane of the objective can be expressed as: 
(3.9) 
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where a and cp denote the cumulative relative amplitude factor and phase retardance be-
tween the two orthogonal Hermite-Gauss modes in units of waves, respectively. From an 
experimental point of view, we observed that the phase retardation dominates over the am-
plitude and has dramatic consequences for focusing characteristics of the RPB. We therefore 
concentrate our attention on the effect of the phase retardation in the following. The mid-
dle and the bottom row in Fig. 3·7 illustrate the spatial intensity profile of RPBm prior to 
focusing for phase retardance values cp of 0.3.\ and 0.5.\, respectively. Note that the spatial 
intensity profiles look exactly the same as the case of zero retardance in the absence of an 
analyzer and when the analyzer is aligned parallel to each Hermite-Gauss mode. When the 
analyzer is aligned diagonally, the spatial intensity profile reveals that the axis of symme-
try flips by 90oin both retardance cases. Also, the humps merge along the symmetry axis 
and this effect is more pronounced in the cp = 0.3.\ case. Fig. 3·7 displays an example of 
the perturbation of the vector asymmetry of a RPB from its source to the objective pupil 
plane at varying degree of relative phase retardance between the constituent Hermite-Gauss 
modes. 
No analyzer 8 0 
0 
0.3A. 
O.SA. 
Figure 3·7: The intensity map of RPB and its projection through an ana-
lyzer with the orientation shown with arrows. The numbers show the phase 
retardance between the two orthogonal Hermite-Gauss modes that form the 
RPB. 
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We next investigate the focusing characteristics under the high-NA condition and the 
effect of the phase retardation. The beam is focused by a lens through a superhemisphere 
aSIL to its aplanatic point. Following the De bye-Wolf diffraction theory (Richards and Wolf, 
1959) and its adaptation to aSIL (Goh and Sheppard, 2009), the focused Hermite-Gauss 
beams can be expressed in the following: 
[ 
ii11 cos c/> + il14 cos 3¢ l 
EHGlOex (p, c/>, z, (}min, Bmax) = Ao -il12 sin c/> + il14 sin 3¢ 
-2110 + 2113 cos 2¢ [ i l 
[ 
-il12 sin c/> + il14 sin 3¢ l 
EHG10ey (p, c/>, z, Bmin, Bmax) = Ao . i(In + 2112) cos c/>- il14 cos 3¢ 
. 2113 cos 2¢ 
[ 
i(In + 2112) sin c/> + il14 sin 3¢ l 
EHG01eJP, c/>, z, Bmin, Bmax) = Ao -il12 cos c/>- il14 COS 3¢ 
2113 cos 2¢ 
[ i l [ i l 
(3.10) 
In Eqs.3.10, Ao = -ije-ik1 fk1k2/k3 in which k and f refer to the wavenumber of the light 
in a given medium and the focal length of the objective, respectively Bmax and Bmin refer 
to the maximum and minimum aperture angles with respect to the objective focus allowed 
on the Gaussian reference sphere of the backing ob. The integral terms in the focused field 
52 
expressions can be derived as follows: 
lhmax . k 
112 = J ~fw(fh) sin fh sin (he -tz 3 
1 k~ · 2 e) de 
- k2 Sill 2 1· 
3 
(}Jlmax k2 - izk3 
113 = J cos Od w ( 82) sin 81 k
3 
sin2 02e 
(}!min 
(3.11) 
where the 81 and 82 refer to the polar angles on the backing objective and aSIL coordinate 
systems, respectively: 82 = 81 +sin - 1 ( n2 sin 81) -sin - 1 ( n1 sin 81). The numerical subscripts 
on the wavenumbers refer to its value at a given dielectric material where 1, 2 and 3 de-
notes the objective medium, aS1L medium and the medium that the objects are located, 
respectively (in our case it is air). Fresnel transmission coefficients between two media (i, j) 
are represented as tsij and tpij forTE and TM polarizations, respectively. fw(02) refers to 
sin2 82 
the apodization function: e !;? sin2112max in which fo refers to the filling factor of the objective 
pupil. We assumed a filling ratio of 1 for objective pupil in the simulations and the experi-
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mental setup designed as such. B1max and Blmin define the angles on the Gaussian reference 
sphere of the objective that define maximum and minimum aperture angles allowed to pass, 
respectively. 
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Figure 3·8: (a) The electric field intensity map of the RPB on the focal 
plane. The left, center and right columns correspond to the transverse, lon-
gitudinal components and focal intensity, respectively. The top, middle and 
bottom rows correspond to the results in the case of <p = 0, <p = 0.3-\ and <p = 
0.5-\, respectively. The scale bar refers to a length of .\j2. (b) The plot shows 
various metrics as a function of phase retardance. The blue (solid) line, green 
(dashed) and red (dotted) lines refer to ratio of IEton(D, DW /IEtra(D, DW and 
- 2 - 2 IEton(D, D) I / IEton(D, D) I , respectively. 
Using the theory presented above, we discuss a set of particular cases in order to eluci-
date the experimental results presented later. Figure 3·8 shows electric field intensity maps 
on the focal plane perpendicular to the optical axis for RPB (.\ = 1310nm, fO = 1 and 
B1max= 16°) focused onto the aplanatic point of a silicon aSIL located on its planar silicon-
air interface. In the absence of phase retardation ( <p = D), the contribution of well-confined 
longitudinal component dominates the doughnut shaped transverse component and thus 
leads to a circularly symmetric confined focal spot geometry. 
The effect of the retardance alters the spot geometry through changing the vector prop-
erties of the focal field. Figure 3·8b shows that the relative strength of the longitudinal field 
on the optical axis (IEton(D, DW /IEtra(D, DW) drops monotonically as a function of phase 
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retardance. Note that the retardance affects not only the strength but also the shape of 
the transverse and longitudinal components. We plcit the ratio of the intensity strength 
of Ex and Ey fields ( (maxJExJ 2 /EyJ 2 )) and observe that transverse component becomes 
asymmetric around c.p = 0.25.A as the strength of the Ex surpasses JEy-· In addition, the 
longitudinal field loses its confined structure causing the total spot size to be deformed. All 
these effects transform the overall spot geometry in a complex way. To illustrate, we plot 
the intensity maps for c.p = 0.3.A and c.p = 0.5.A in Fig. 3·8a next to the perfect vector sym-
metry condition (c.p = 0). In the former case, the comparable strength of the transverse and 
longitudinal field components forms a total spot with a smeared double-peaked shape. In 
c.p = 0.5.A case, the total spot has a four-lobbed structure with a central null as the strength 
of the longitudinal component becomes zero on the optical axis. 
We implemented radial polarization using a so-called vortex fiber to generate RPB for 
illumination in an aSIL based laser scanning microscope as shown schematically in Fig. 3-9. 
The vortex fiber is coupled to a periodic micro-bend grating that resonantly couples the 
fundamental mode of a laser diode source (.A= 1310nm) into the desired radial polarization 
mode, and two separate UV-induced gratings filter out the remaining fundamental mode so 
that the fiber output provides a pure and stable RPB for the microscope (Ramachandran 
et al., 2005). Figure 3·10a shows the mode intensity map at the output of the vortex fiber 
acquired by an InGaAs camera. The intensity counts are deliberately kept well above the 
saturation level of the camera in order to observe the robust suppression of the fundamental 
mode as the intensity count in the center of the beam is about noise level of the camera. The 
high symmetry observed as a function of analyzer angles confirms the polarization vector 
symmetry of the generated RPB. 
The collimated high-purity beam is reflected by several silver coated fiat mirrors and 
a non-polarizing beam splitter and its size is adjusted by a telescopic lens pair. It is then 
directed to the silver coated scan mirrors. A telescopic lens pair is placed between the 
backing objective pupil plane and the scan mirrors for proper positioning and scanning of 
the RPB on the object plane. The lens pair is chosen such that the peak-to-peak width of 
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Figure 3·9: Schematic of the laser scanning microscope. S: Sample, aSIL: 
aplanatic solid immersion lens, OL: 20X objective lens, M: silver coated 
mirror, L: doublet lens, SM: scanning mirrors, NPB: non-polarizing beam 
splitter, VR: variable retarder, VF: vortex fiber, GF: grating filters, MG: 
microbend grating, PC: polarization control components, LD: laser diode, 
MMF: multi-mode fiber, PD: photodetector. 
the doughnut mode is rv3.6mm and over 90% of the power is delivered through the effective 
pupil of the objective. The RPB is focused through a silicon superhemisphere lens (aSIL) 
and a silicon substrate that matches the aplanatic design thickness of the aSIL at anNA of 
3.3. The test objects of interest are aluminum structures fabricated on the back-side of the 
silicon substrate using e-beam lithography and a chemical etching process. The reflected 
and scattered light from the object plane is collected by the same objective and aSIL and 
follows the same optical path in reverse until the beam-splitter. At the beam-splitter, it 
is reflected to the detection path on which it is focused into a multi-mode fiber coupled 
to a photodetector. The images are formed by synchronizing the data acquisition and the 
scanning mirrors that are deflected < ±0.5oto obtain a maximum field of view of ±15p,m 
on the object plane to avoid off-axis wave-front aberrations imposed by the aSIL (Lu et al., 
2013). 
To observe the alteration of the polarization symmetry of the RPB caused by the mi-
croscope elements along the optical path of the microscope, we placed an InGaAs camera 
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Figure 3·10: (a) The lnGaAs camera images of RPB after the vortex fiber. 
The arrows show the orientation of the analyzer. (b) The InGaAs camera 
images of RPB at the pupil plane of the camera. The top, middle and 
bottom row corresponds to the residual phase retardance due to the optics of 
the microscope, after the compensation is applied and after additional half-
wave plate is introduced. The arrow shows the orientation of the analyzer. 
The scalebar indicates a length of 2mm. (c) The InGaAs camera images 
of the reflection image of the focused spots. The top, middle and bottom 
row corresponds to the following cases: residual phase retardance due to 
the optics of the microscope, after the compensation is applied and after 
additional half-wave plate is introduced. 
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on the plane of the entrance pupil of the backing objective and monitored spatial intensity 
profile of the RPB. The spatial profile possesses the charaCteristic doughnut shape with a 
uniform cylindrical intensity profile as shown on the top left panel in Fig. 3·10b. Then we 
placed an analyzer oriented at 45.in front of the camera and observed that the symmetry 
axis of the intensity profile was rotated go·in comparison to the original beam (compare Fig. 
3·10a) and the humps merge on the periphery when the analyzer is in place. This is a proof 
of the presence of phase retardance of approximately <p = 0.3>. between the two orthogo-
nal Hermite-Gauss modes as discussed above in the theory section. This phase retardance 
is gained along the optical path of the microscope due to the reflections from the mirror 
and the beam-splitter surfaces. We placed an additional liquid crystal variable retarder on 
the illumination path and electronically tuned its retardance such that the original vector 
symmetry of the RPB is recovered as shown in the second row of Fig. 3·10b. Then we 
repeated the measurement with an addition of a half-wave plate to the optical path in order 
to increase the amount of phase retardance as shown in the bottom row of the Fig. 3·10b. 
The measurements were in excellent agreement with theory in terms of the effect of the 
phase retardance on the intensity profile of the beam (compare to Fig. 3·7). 
We first studied the reflected images of the spots focused on the air-silicon planar in-
terface of the substrate. The camera images in Fig. 3·10c show the deformation of the 
transverse component of the focused spot due to the phase retardance and are in very good 
agreement with the theoretical estimation of the focused spot geometries shown in Fig. 3 ·8. 
When the phase retardance was compensated by the variable retarder, the original trans-
verse mode of the RPB was recovered on the camera image. 
Figures 3·11a and 3·11 b show laser scanning images of the structures with a linewidth of 
400nm and 500nm before and after the compensation, respectively. The lines are resolved 
even without the need for retardance compensation at this length scale. The contrast and 
clarity of the structures is improved after applying retardance compensation. The improve-
ment can be quantitatively determined by estimating the spot geometry using a knife-edge 
method. We scanned the beam over one edge of the horizontal and vertical metal lines with 
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Figure 3·11: (a) Top row: A laser scanning microscope image of aluminum 
structures on the silicon substrate. No compensation applied. Bottom row: 
Plot of a mean differential of a hundred linecuts obtained on the longest 
lines in vertical (blue) and horizontal (green) directions in the image. The 
error bars show the standard deviation on the mean. The scale bar shows a 
length of 2 microns. (b) The same as (a) except after the phase retardance 
compensation. (c) The same as (b) except an additional half-wave plate is 
introduced after the compensation. 
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500nm linewidth in the image. The derivative of the response of the single step functions 
is used to calculate the line-spread-functions (LSFs) in two orthogonal directions. Prior to 
compensation, the focused spot is noticeably wide and double peaked in the vertical direc-
tion whereas it is confined in the horizontal direction and has a full-width-at-half-maximum 
of approximately 232nm, shown by the blue and green curves in the lower panel, respec-
tively. Note that the spot geometry matches well to the theoretically calculated spot size 
with a retardance value of 0.3>. (Fig. 3·8a). The circularly symmetric focus spot of the RPB 
is recovered after a phase compensation of 0.3>. is applied as shown in the lower panel in Fig. 
3·11 b. The tight confinement on the optical axis on both vertical and horizontal directions 
is thus achieved . To extend our understanding, we introduced an additional half-wave plate 
into optical path and obtained the image shown in Fig. 3·11c. The image becomes strongly 
blurred and the linecuts on both vertical and horizontal directions in the lower panel show 
that the focused spot has a double peaked profile on both axes and a central null. This 
agrees well with the theoretical prediction shown in Fig. 3·8a for the case r.p = 0.5>.. 
It is often preferable to test the imaging performance of a microscope on objects with a 
size comparable to the spot size of the focused beam. Figure 3·12a shows the optical image 
of a critical dimension features comprised of periodic lines oriented in horizontal and vertical 
directions after the vector symmetry of the RPB is recovered . The line pitch was verified 
with a scanning electron microscope to be 356nm, 318nm, 282nm, 252nm and 224nm from 
top to bottom, respectively. The lines with 252nm pitch and above are visually discernible 
for both horizontal and vertical directions, in agreement with the LSF shown in Fig. 3·11. 
Figure 3·12b and 3·12c illustrates the images of the two grating structures designated in the 
red box when the RPB contains a phase retardation of r.p = 0 and r.p = 0.5>., respectively. 
The image contrast of the grating structures are significantly higher for the latter case, 
on the contrary to the images shown in Fig. 3·11. The reversal of the relative contrast 
behavior can be explained by the modification of the modulation transfer function (MTF) 
of the optical system by the phase retardation. Figure 3·12d plots the MTFs calculated 
from the measured LSFs in the horizontal direction shown in Fig. 3·llb and 5c for r.p = 
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Figure 3·12: (a) Laser scanning image ofresolution targets after the vector 
symmetry of the RPB is ·recovered (cp = 0). The pitch values are shown on 
the left of the image. The scale bar indicates a length of 5 microns (b) Higher 
magnification image of the indicated region in (a) . (c) The same region of 
interest as shown in (b) except with a phase retardance of 0.5..\. (d) Modu-
lation transfer function (MTF) of compensated ( cp = 0) and uncompensated 
(cp = 0.5 ..\) . 
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0 and r.p = 0.5-A conditions, respectively. The critical dimensions of the features shown in 
Fig. 3·11 fall in the spatial frequency interval ( < 1.25f.Lm-1 ) in which the MTF is higher 
for the compensated RPB (rp = 0) thus the features in Fig. 3-llb has a higher contrast 
than Fig. 3·1lc. On the other hand, the grating features shown in Fig. 3·12c show higher 
contrast than those in Fig. 3·12b as the phase retardance of r.p = 0.5-X leads to a higher 
value ofMTF for these grating structures (3.55f.Lm-1 and 3.97f.Lm-1 ) in comparison to the 
compensated case (rp = 0) . Although the non-ideal vector symmetry appears to be advan-
tageous to obtain sharper images of periodic structures as shown in Fig. 3·12c, the image 
interpretation must be applied cautiously. Further studies on adapting the image recon-
struction methods to the vector asymmetry of RPB are required as the irregular geometry 
of the focused spot can lead to erroneous conclusions unless the shape of the focused spot 
is taken into consideration in image analysis. 
3.4.2 Super-resolution with vortex beams 
In this subsection, we demonstrate that the light can be squeeze into a circularly symmetric 
focal spot smaller than 0.016-A~, an order of magnitude smaller than the diffraction limited 
spot size. We demonstrate a practical use of such confined light for deep sub-diffraction 
beam scan imaging of reflective and scattering objects. Such tight confinement is achieved 
through taking advantage of the tightly confined evanescent longitudinal fields generated 
by the apodized radially polarized beam (RPB) and the right-handed circularly polarized 
phase vortex with the topological charge of +1 (R-CPV) in the focus of a high-NA silicon 
aplanatic solid immersion lens ( aSIL). 
A schematic of the theoretical representation of the focusing system is shown in Fig. 
3·13a. The collimated doughnut beams are masked by an annular amplitude filter at the 
entrance pupil plane of the objective lens and then focused through a superhemisphere 
high-index aSIL onto its aplanatic point that is at a distance of R/nasiL below the center 
of its spherical surface, where the nasiL is the refractive index of the aSIL. The detailed 
derivation and model of the vortex beams based on vector field focusing of Hermite-Gauss 
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modes have been discussed in the previous section. Here, we remind the composition of 
RPB and R-CPV in terms of Hermite-Gauss modes (Novotny and Hecht, 2006): 
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Figure 3·13: (a) A schematic illustrating the apodized vortex beams fo-
cused through an aSIL. (b) Intensity of the focal fields of the RPB. Top row: 
No aperture, bottom row: With the annular aperture (90%). The simula-
tion window area is 1.2).. by 1.2).. on the transverse focal plane. (c) Same 
as (b) except using R-CPV. (d) A chart showing the focused spot size as a 
function of the annular aperture size in normalized obstruction with respect 
to the pupil diameter. The solid (blue), dotted (green) and dashed (red) 
lines represent R-CPV, RPB and LPG respectively. 
(3.12) 
We focus both RPB and R-CPV at >-.o = 1.31p,m through a silicon aSIL at anNA = 
3.3 on the planar silicon-to-air interface of the aSIL. The top rows in Fig.3·13b and 3·13c 
show the spatial intensity map of the transverse and longitudinal focal electric fields and 
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the total intensity distribution for RPB and R-CPV, respectively. The strong longitudinal 
fields of RPB and R-CPV created at the dielectric interface lead to confined focal spots on 
the optical axis (Sheppard, 1977). In Fig.3·13d, we plot the focal spot size as a function 
of the size of the obstructive part of the annular aperture for RPB and R-CPV and also 
a linearly polarized Gaussian beam (LPG) , conventionally used in the microscopes. RPB 
provides approximately 20% smaller spot size than LPG at any aperture condition. On 
the other hand, the focused spot of the R-CPV becomes significantly smaller than LPG 
in obstruction ratios >0.9. The bottom rows in Fig.3·13b and 3·13c show that an annular 
aperture blocking the 90% of the diameter of the pupil shrinks the spot size approximately 
40% and 55% for RPB and R-CPV beams, respectively, as compared to the clear aperture 
condition. Note that the focused beams convert to evanescent waves at the planar dielectric 
interface, leading to an extremely confined focal volume of "'0.01.X5, in the aplanatic focus 
of the silicon aSIL. 
We experimentally implemented the aSIL microscopy using RPB and R-CPV beams 
and annular amplitude mask on a custom-built laser-scanning microscope illustrated in 
Fig. 3·14a. The pure modes of collimated RPB and R-CPV are focused through a silicon 
aSIL (radius= 2.35mm and height = 2.92mm) and a lOOp,m thick silicon substrate. The 
test objects are fabricated on 50nm thick aluminum film on the back-side of the silicon 
substrate using e-beam lithography and etching processes. The reflected and scattered light 
from the object plane is collected by the same aSIL and the objective (Mitutoyo Plan Apo 
NIR 20X) and follows the optical path in reverse until the non-polarizing beam-splitter. At 
the beam-splitter, the collected light is reflected onto the detection path and focused into 
multi-mode fiber coupled to a photodetector. Two-dimensional images of the objects are 
obtained through synchronization of the raster scan of the beams and the data acquisition. 
The scanning mirrors are deflected <±0.5oto obtain a maximum field of view of"' ±15p,m 
on the object plane to avoid off-axis wave-front aberrations imposed by the aSIL (Lu et al., 
2013). The entrance pupil plane of the objective is optically conjugate with the mirror 
scanners as well as the amplitude mask to ensure proper positioning and masking of the 
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beams. The peak-to-peak width of the doughnut mode is adjusted to ""'3.6mm at the ob-
jective entrance pupil such that over 90% of the power is delivered into the effective pupil 
aperture. In the case of annular aperture measurements, the amplitude mask blocks 90% 
of the effective objective pupil diameter. 
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Figure 3·14: (a) A simplified schematic of the optical layout of the laser 
scanning microscope. The dashed green rectangle encloses the optical com-
ponents for mode transformation between RPB and R-CPV as explained 
in the text. NPB: Non-polarizing beam splitter. (b) The InGaAs camera 
images of the RPB emanating from vortex fiber. The top image show the 
doughnut mode profile of the beam whereas the two below show the mode 
image through an analyzer. (c) The InGaAs camera images of the collimated 
RPB (top row) and R-CPV (bottom row) filtered through by an analyzer 
at oo, 45oand 90oorientations. (d) The interferogram on which the R-CPV is 
superposed with a fundamental Gaussian beam: simulation (top row) and 
experiment (bottom row). 
The mode purity and stability of the high-order laser beams play a critical role in prac-
tical high-NA systems (Xie et al., 2013). To ensure mode purity and quality, we obtained 
high-order laser beams through converting the fundamental mode of a laser diode source 
(>.0 = 1.3lJLm) into the RPB using a so-called vortex fiber that generates and propagates 
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the vortex state (Ramachandran et al., 2005) . A periodic micro-bend grating resonantly 
couples the fundamental mode into the desired radial polarization mode, and two separate 
UV-induced gratings filter out the residual fundamental mode so that the fiber output pro-
vides a pure and stable RPB for the microscope (Ramachandran et al., 2009). Figure 3·14b 
shows the mode intensity map at the output of the fiber acquired by an InGaAs camera. 
The intensity counts are deliberately kept well above the saturation level of the camera in 
order to observe the robust suppression of the fundamental mode as the intensity count in 
the center of the beam is down to the noise level of the camera. The high spatial symmetry 
observed at vertical and horizontal analyzer orientations confirms the mode purity of the 
generated RPB. To preserve such high mode quality of the RPB along the optical path, we 
precompensated the perturbation of the vector asymmetry due to the optical components 
of the microscope using the procedure explained in the first part of the chapter. 
In order to eliminate any perturbation to the experiment when alternating between 
RPB and R-CPV measurements, we utilized a free-space optics-based mode converter, a 
polarizer aligned 45osandwiched between two wave-plates. After the RPB traverses the first 
quarter-wave plate and the polarizer, it becomes linearly polarized doughnut beam with a 
phase vortex. The second compound wave-plate consisting of a half and a quarter wave-
plates transform the linearly polarized doughnut beam into the desired R-CPV. In the case 
of R-CPV, we placed the quarter-wave-plate in the mode converter before the scanning 
mirrors to minimize the polarization asymmetry caused by the beam splitter. Figure 3·14c 
shows the mode intensity maps recorded by an InGaAs camera at three analyzer angles, oo , 
45oand 90°, respectively. The uniform doughnut profile of the R-CPV at different analyzer 
angles illustrates the spatially invariant circular polarization symmetry. In order to visual-
ize the phase-front of the R-CPV, the beam is interfered with a linearly polarized Gaussian 
beam split from the original laser source. The interferogram recorded on the InGaAs cam-
era confirmed the presence of the spiral phase front of the R-CPV that well matches the 
simulated interferogram for the experimental parameters as shown in Fig. 3·14d. 
Figure 3·15a and 3·15b show the laser scanning images of metallic structures in the 
66 
shape of the letter "U" with a linewidth of 500nm for RPB and R-CPV, respectively. The 
left and right panels correspond to the reflection images in the case of clear aperture and 
the annular mask, respectively. As the size of the structures is relatively larger than the 
focal spot size, the lines are well resolved in either case. Note that the lines appear darker 
than the background as the average reflectivity of the silicon-aluminum interface is less than 
silicon-air dielectric interface due to the total internal reflection condition. The signal to 
noise ratio in the image diminishes when the annular amplitude mask is used since the laser 
beam power delivered to the focus significantly drops due to the large obstruction size of 
the amplitude mask. 
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Figure 3·15: The laser scanning images using (a) RPB and (b) R-CPV at 
>.0 =1.31J.tm. The left and right panels show the image acquired with clear 
and the annular apertures, respectively. The scale-bar refers to a length 
of l.SJ.lm. (c) The estimated mean derivative obtained at an edge of an 
aluminum line in the images obtained by RPB. The blue and the green 
curves represent the clear and the annular aperture conditions, respectively. 
The error-bars show one standard deviation around the mean value. (d) The 
same as in (c) except using R-CPV. 
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We estimated the full-width-at-half maximum of the focal spots of the beam through 
performing a knife-edge measurement by scanning the beam across one edge of the lines. 
The derivative of the response of the single step functions is used to calculate the line-
spread-functions. Figure 3·15c and 3·15d plot the mean of 100 linecut derivatives for the 
clear and annular aperture cases of RPB and R-CPV, respectively. In the clear aperture 
case, the size of the focused spot of the RPB and R-CPV was found to be approximately 
0.028..\~ and 0.053..\~, respectively. When the amplitude mask is introduced, the spot size 
shrinks to 0.016..\~ and 0.014..\~, respectively. The annular amplitude mask yielded a spot 
geometry with a smaller main lobe and more pronounced side lobes in comparison to the 
simulations. This difference is thought to be due to the diffraction effect caused by narrow 
annulus size on the mask and the imperfect alignment of the amplitude mask with respect 
to the pupil plane. 
To demonstrate the improvement in the spatial resolution we extended the analysis to 
evaluate the effect of the annular amplitude mask on imaging structures at the resolution 
limit of the microscope. Figure 3·16a illustrates the scanning electron microscope image 
of grating structures with the line pitch of 224nm. In the clear aperture case, the spatial 
resolution is not sufficient to discern visually the 224nm lines as shown in Fig. 3·16b and 
Fig. 3·16c for R-CPV and RPB, respectively. On the other hand, the reduction in spot size 
leads to resolution enhancement and thus the features are resolved according to the Spar-
row Criterion (Sparrow, 1916) with the annular aperture mask. Note that the enhancement 
of resolution is achieved in both horizontal and vertical directions indicating the circular 
symmetry of the focused spots. 
3.5 Summary 
The concepts of super-resolution through pupil function engineering was presented. A con-
venient PSF tailoring methodology based on Toraldo di Francia's approach was developed 
for high-NA systems. The vortex beams were shown to be advantageous in high-NA system 
to surpass the diffraction limit through exploiting the confined longitudinal field component. 
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Figure 3·16: (a) A scanning electron micrsocope image of the grating struc-
tures with a line pitch of 224nm in both vertical and horizontal directions. 
The laser scanning images of the grating structures using (b) R-CPV and (c) 
RPB with a clear aperture. (d) and (e) The same as (b) and (c), respectively, 
except the annular aperture is employed. The circular glare in the field of 
view in the images acquired with the R-CPV is an imaging artifact due to a 
specular reflection from the quarter-wave plate in the mode converter. 
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For experimental studies, we first investigated the effect of polarization asymmetry of 
radially polarized beam in the imaging performance of a high-NA laser scanning microscope. 
The focused spot size and shape can be affected by the presence of phase retardance be-
tween the two orthogonal Hermite-Gauss modes constituting the beam. It was shown that 
a liquid crystal based variable retarder is effective to compensate such effects to recover the 
polarization symmetry. 
In the latter part of the chapter, we demonstrated sub-diffraction limit imaging through 
tightly focusing apodized RPBs and R-CPVs into circularly symmetric focal spots an or-
der of magnitude smaller than the diffraction limit. Such tight light localization was the 
result of the confined evanescent longitudinal component of the focused vortex beams on 
the planar interface of the aSIL. 
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Chapter 4 . 
High resolution backside voltage imaging 
In-situ monitoring and mapping of electrical activity of devices play an important role in 
test and fault analysis of integrated circuits (ICs) (Wagner, 1999). The multitude levels 
of metal wiring and high density of transistors have rendered the micro-probing method 
practically obsolete and the backside optical probing has emerged as a useful alternative for 
advanced IC chips. The non-contact character of backside optical probing eliminates the 
possibility of contamination or mechanical destruction of the tiny features while being also 
compatible with the modern IC packaging. 
In the optical methods, a focused infra-red beam functions as a virtual micro-probe 
to measure local voltage in ICs through taking advantage of the electro-optical effects in 
silicon. The electrical activity of the field-effect devices perturbs the local optical properties 
of the substrate such as altering the reflectivity and light scattering characteristics of the 
devices. Such localized electro-optic effects can be correlated to the circuit behavior through 
monitoring the alterations of the probe beam characteristics (Kindereit et al., 2008; Liao 
et al., 2010). 
4.1 Electro-optic effects in ICs 
The electro-optic effects in silicon can be categorized in two classes. First, the pure electric 
field effects including the electro-absorption, electro-refraction and Kerr effect. Second, the 
free charge-carrier effects involving the doping or charge-carrier generation (Soref and Ben-
nett, 1987). 
The electro-absorption (also known as Franz-Keldysh effect) refers to the modification 
of the absorption due to the field induced tunneling between the valence and conduction 
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Figure 4·1: The electro-absorption and electro-refraction plots for silicon. 
Adapted from (Soref and Bennett, 1987). 
band states. The electro-absorption spectra was measured by Wendland and Chester in the 
vicinity of the silicon band-gap energy (Wendland and Chester, 1965). Figure 4·la shows 
the enhancement of the absorption coefficient (b..a) for large electric field amplitude. Soref 
and Bennett calculated the electro-refraction (b..n) using the 'Kramers-Kronig relation and 
the empirical absorption spectra(Soref and Bennett, 1987) . Figure 4·1b plot the b..n in the 
NIR spectral regime. Their calculations estimate that the maximum index change around 
the bandgap (1.06J.tm) is approximately 10-5 . 
Another electro-optic effect taking role in the modification of the optical properties of 
silicon is the DC Kerr Effect. Soref and Bennett estimated the strength of DC Kerr effect in 
silicon through developing a theory based on an anharmonic oscillator model (Soref and Ben-
nett , 1987). The refractive index change is independent of wavelength assuming resonance 
frequency is much greater than the frequency of the light. They predict b..nKerr :::; 10-6 
at a field strength of 105 V /em. The DC Kerr effect is therefore expected to be an order 
of magnitude smaller than electro-refraction near the bandgap while the magnitude of the 
effects are comparable in the longer wavelength in NIR at such field strength. 
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Figure 4-2: The free-carrier absorption plots for >. = 1.3 p,m.(a) electrons, 
(b) holes. Adapted from (Sore£ and Bennett, 1987). 
The presence of charge carriers alters the optical properties of pure silicon. The trans-
parency of the silicon above the bandgap is reduced by the impurity dopants implanted 
during the processing. Beside the heavily doped silicon substrate and depletion layers, 
charge-carriers are transiently injected into the device during its operation. Sore£ and 
Bennett investigated the change in optical properties of silicon (Sore£ and Bennett, 1987). 
Figure 4·2a and 4·2b plot the absorption coefficients at doping level range approximately 
1017 - 1020 for free-electrons and free-holes, respectively. The absorption coefficient is dras-
tically increased below the bandgap energy in such high doping levels. The wavelength 
at which the minimum absorption threshold blue-shifts from 1.25p,m to 1.05p,m for doping 
levels from 1017 to 1 o20 . 
Kindereit studied the impact of the field and charge carrier effects in FET devices and 
concluded that the charge carrier effects play the key role in modifying the optical prop-
erties of the FET devices in backside optical probing applications (Kindereit et al., 2007). 
Table 4.1 lists the estimated refractive index change (.6.n) under the given conditions. The 
strength of the free-carrier effects in modern devices is approximately three orders of mag-
'. ' 
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nitude larger than the electro-refraction in the vicinity of the silicon bandgap. 
Effect tl.n at A = 1064nm tl.n at A = 1319nm 
Electro-refraction (105V fern) 0.8.10-5 0.25.10-5 
Kerr (105V fern) 10-6 10-6 
Free-electron (tl.N = 4.1019) -2.10-2 -3.10-2 
Free-hole (tl.N = 1020 ) -4.10-2 -6.10-2 
Table 4.1: Refractive index change in (tl.n) in a FET device at A= 1319nm 
and A= 1064nm. Adapted from (Kindereit, 2009). 
4.2 Optical measurements of voltage modulation 
The transients changes in the optical constants modify the reflectance of the probe beam 
thus the time dependent intensity of the reflected probe beam can be correlated to the cir-
cuit activity. Figure 4·3a illustrates a typical schematic of a backside optical measurement. 
An NIR laser beam is focused in a given region of interest. The laser beam reflected back 
from the circuit features is collected and the reflected laser beam is directed to a photo-
receiver. The photo-voltage signal is correlated to the local voltage level. 
Figure 4·3b shows a waveform recorded (PreJ(t)) when the laser beam is positioned on 
a circuit node switching at a certain frequency. The change in the local optical constants 
modulates the reflected beam intensity and the low /high levels can be associated with the 
on/off instances of the circuit and the magnitude of the modulation can be quantitatively 
correlated to the relative voltage applied on the device. Note that the modulation charac-
teristics such as the sign and amplitude depends on device type and technology as well as 
optical system. Establishing a universal relation between the optical signal modulation and 
local voltage is challenging. Comparative analyses are typically performed to distinguish 
the bad device from a good device in practice. 
In certain applications, it is more advantageous to perform the analysis in frequency 
domain rather than in time since the waveform acquisition in practice requires averaging of 
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Figure 4·3 : Optical measurement of charge carrier modulation. 
long cycles and thus can be time consuming (Zachariasse et al., 2010). In frequency based 
analysis, the photo-voltage signal can be filtered at a specific frequency to verify the pres-
ence of activity at the given frequency at a point in the circuit . As the frequency filtering 
can be performed before digitizing the signal, effective noise-suppression can be achieved to 
reduce the measurement time. A spatial frequency map amplitude can be obtained through 
scanning the beam on the circuit. As shown in Fig. 4·3c, the modulation map then can be 
overlaid on the topography image or the CAD layout in order to spatially localize the pres-
ence of anomalous circuit activity. In industrial literature, the time and frequency domain 
measurements are referred as laser voltage probing and laser voltage imaging or modulation 
mapping, respectively. 
The miniaturization of the circuit features has posed challenges for the laser voltage 
microscopy methods. The shrinking channel length and high spatial density of the devices 
require tighter light confinement to ensure sufficient signal-to-noise(SNR) and signal local-
ization accuracy. We addressed to these issues by implemented aplanatic solid immersion 
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Figure 4·4: The testbed developed as a laser voltage imaging system. TB: 
test-board, aSIL: apalantic solid immersion lens with backing objective, M: 
mirror, L: lens, SM: scanning mirror, BS: beam-splitter, SMF: single-mode-
fiber, LD: laser diode, P: photo-receiver, TI Amp: trans-impedance ampli-
fier, Fun. Gen: function generator and DAQ: data acquistion card. The 
dotted lines refer to shielded BNC cables. 
lens (aSIL) on a testbed developed as a laser voltage imaging system. Figure 4·5 diagram-
matically shows the testbed. A fiber coupled laser diode with >. = 1310nm or>. = 1064nm 
is connected to the input of the microscope. After guiding the collimated beam through 
several lenses and mirrors required for beam size adjustment, the beam is focused by a 
20X Mitutqyo backing objective through an aSIL on the device layer at anNA of 3.3. The 
reflected beam traces back the same optical path till the beam-splitter which directs the 
beam to the detection path. The reflected beam is focused into a single-mode-fiber coupled 
to a high-bandwidth PIN photodetector. The photovoltage is amplified with a low-noise 
transimpedance amplifier before the voltage output is routed into a high-frequency lock-
in amplifier. The amplitude and phase outputs of the lock-in amplifiers as well as one of 
the output of the transimpedance amplifier are connected to the analog inputs of a data 
acquisition card for digitizing the high-frequency and DC signals. The reference channel 
of the lock-in amplifier and the circuit clocks are driven by signals with the identical time 
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harmonic characteristics. 
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Figure 4·5: LVI performed on an inverter chain in a 32nm SOl chip. (a) 
20X DC - reflectance image of the 20 device long inverter chain. The scale 
bar refers to a distance of lOf.tm. (b) aSIL image acquired at)..= l.3f.tm. The 
devices are shown inside the red rectangle in (a). (c) aSIL image acquired at 
).. = 1.06f.tm. The devices are shown inside the blue rectangle in (a). From 
left to right: Reflectance, LVI Amplitude and LVI phase images. 
We first performed measurements on inverter chains in a 32nm SOl chip (Fever-1) driven 
by 12.5MHz clock input. A low-magnification LSM reflectance image of the whole circuit 
is shown in Fig.4·5a. Each chain contains 20 identical inverters connected in series and the 
chains are composed of transistors different in gate width. Such details are better visual-
ized in Fig. 4·5b - left panel showing an LSM reflectance image of the region shown in red 
rectangle in Fig.4·5a using a silicon aSIL at a wavelength of ).. = 1.3f.tm. The increasing 
size of each inverter from top to bottom is clearly seen. The color images on the middle 
and right panels correspond the voltage amplitude and phase images obtained at 12.5MHz, 
respectively. The amplitude image reveals that the second chain (from the top) does not 
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operate at the given frequency. As the NMOS and PMOS transistors of each inverter are 
well resolved, the phase image unveils the complementary switching behavior of the NMOS 
and PMOS transistors on the same inverter as the relative phase is shifted by one period 
(corresponding to blue and yellow colors) . Also note that the complementary operation of 
the neighboring inverter is clearly seen. Figure 4·5c shows the images of the region shown 
inside the blue rectangle shown in 4·5a. These images are acquired using a GaAs aSIL at 
a wavelength of A = 1.06f.Lm. Note that the LSM reflectance image differs than the one 
acquired at A = l.3f.Lm. The metal fillings around the inverter chain are visible and the 
deep metal level wires underneath the inverter chain appear as bright in contrast. Such 
differences between two colors originates from the modification of the interference condition 
between the layers. On the other hand, the voltage amplitude and phase images on the 
middle and right panels show similar characteristics as compared to the case of A = 1.3f.Lm. 
We studied the correlation between the modulation amplitude and phase with the volt-
age (Vdd) supplied to the circuit. We reduced Vdd from its nominal operation voltage, 0.9V, 
to 0.45V in three steps and acquired the amplitude and phase modulation maps at each 
step. We observed a linear decrease in the amplitude of the modulation as Vdd is reduced 
down to 0.5V beyond which no modulation is observed. We verified that the circuit stops 
the switching activity through monitoring the electrical output of the chain at Vdd = 0.5V 
and Vdd = 0.45V. The screen shots of the waveforms are presented in Figs. 4·6b and 4·6c. 
The scattering properties of local structure have an impact on the voltage images. For in-
stance, the free-carrier induced electro-optic effect is known to be polarization independent 
unlike electro-refraction. However we observed that the modulation maps acquired from 
NMOS and PMOS transistors possess polarization sensitive character due to the structure 
of the devices. Figures 4·7a and 4·7b show the amplitude and phase maps of a single inverter 
of which the layout snapshot is shown in Fig. 4·7c. While NMOS transistor has higher av-
erage amplitude at the than the PMOS transistor in the horizontal polarization case, the 
amplitude becomes much higher on PMOS transistor after the polarization is aligned ver-
tically. Furthermore the relative phase is shifted 180owith respect to the reference signal 
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Figure 4·6: High resolution voltage dependent imaging on the inverters. (a) 
Laser scanning reflectance image of single inverter device. (b) The electrical 
output of the device at Vdd=0.5V confirming the presence of circuit activity. 
(c) The electrical output of the device at Vdd = 0.45V confirming the absence 
of circuit activity. 
79 
Figure 4·7: Polarization dependent voltage maps (a) horizontal polarization 
(b) vertical polarization (c) the layout of the inverter. 
upon switching the polarization. Such phase flip indicates the sign of the modulation is 
reversed when the polarization is flipped. The active area in the maps is considerably dif-
ferent in two cases. While the active area is confined relatively center part of the transistors 
in the horizontal polarization, the signal is spread towards the physical boundaries of the 
transistors in case of the vertical polarization. A detailed model needs to be developed to 
understand the correlation between the physical structure of devices and the voltage maps. 
In most applications, devices are tested in high frequency regime beyond the bandwidth 
of the most common lock-in amplifiers. For tests in the frequency range >200MHz, we used 
a spectrum analyzer with a bandwidth reaching to 3GHz. While the spectrum analyzer 
provides larger bandwidth for measuring the voltage amplitude, its detection mechanism 
does not allow acquiring relative phase information. Figures 4·8a and 4·8b show the modu-
lation amplitude overlaid on the reflectance laser scanning images of series of transistors in 
a 32nm SOl chip (Fever-2) driven at 400MHz using the laser wavelengths of A = 1320nm 
and A= 1064nm, respectively. 
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Figure 4·8: Modulation maps overlaid on reflectance laser scanning images 
at f = 400MHz using a spectrum analyzer. lllumination wavelength: (a)>.= 
1320nm and (b)..\= 1064nm 
4.3 Dual-phase interferometric voltage imaging 
Advancing manufacturing technology has necessitated more sensitive and rapid signal ac-
quisition for voltage imaging. Here, we demonstrate a dual-phase interferometric imaging 
method in which the reflected probe beam modulated weakly by the charge carriers is sep-
arately mixed with two reference beams with a known phase shift in between. Performing 
a balanced detection scheme on these two channels allows us to significantly reduce the 
common-mode-noise associated with strong DC background and its noise. We systemat-
ically compared the performance of the interferometric technique with the conventional 
mapping method through investigating inverter chains on two test chips of 180nm bulk 
silicon and 32nm SOl technology. 
Figure 4·9 highlights the modifications done on the original testbed shown in Fig. 4·3. 
The illumination path is not altered significantly whereas the collection path is split into 
two channels by a polarizing beam splitter. At the end of each detection channel, the re-
flected beam is coupled into a single mode fiber connected to the differential inputs of an 
AC-coupled balanced InGaAs PIN photodetector. The reference beam is transformed into 
a circularly polarized beam with a polarizer and a quarter-wave-plate after it is reflect ed 
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Figure 4·9: Interferometric balanced measurement of local carrier modula-
tion. The red section shows the modifications made on the original testbed 
developed for performing LVI. 
from the mirror; then the reference beam is similarly split into two with a relative phase 
difference of 1r /2 by the polarizing beam splitter before being coupled into the same single 
mode fibers . 
The photo-voltage generated on the channel-a and channel-b can be expressed as: 
Va ex Ir + Ip(t) + 2y'l;f; cos(wt + Brp) 
Vb ex Ir + Ip(t) + 2y'l;f; sin(wt + Orp) 
(4.1) 
where Ir, Ip(t) and Orp(t) refer to the intensity of reference and reflected probe beams; and 
the relative phase angle between the two beams, respectively. The angular frequency w refers 
to the frequency of the modulation of the circuit under investigation. The first component 
Ir generates a constant background intensity and the primary source for the laser noise. 
The differential output of the balanced detector, VRF(t), retains only the contribution from 
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the interferometric term: 
Vab ex JI;I; cos(wt + Brp + 7r/4) (4.2) 
Note that the differential detection allows to eliminate the common-mode noise associated 
with the strong background intensity. The differential output of the balanced detector is fed 
into a lock-in amplifier in order to extract the amplitude of the harmonic signal (ex VJ;T;) 
at the frequency of a local oscillator signal (wLo). Note that the amplitude of the signal is 
amplified by the reference beam. 
Assuming the system is limited by the optical noise, the signal-to-noise ratio (SNR) is 
determined by the shot and laser noise: 
( 2 2 ) 1/2 [( )2 ] 1/2 Utotal = Ulaser + (7shot = nlaserP + 2BPhv (4.3) 
where nlasen P, Band hv refer to the linear noise coefficient and average power of the laser 
beam; detection bandwidth and photon energy, respectively. Assuming the laser noise is 
suppressed sufficiently (ulaser « <7shot) such that the shot noise is the fundamentally limiting 
factor in the system, SNR is proportional to the modulation factor (km) in a conventional 
voltage imaging/probing measurement (SNRconv ex km.JP;). In the interferometric case, 
the differential signal is proportional to JkmPpPr and thus the SNR scales with the square 
root of the modulation factor (SNR;nt ex ~). Detection of small intensity modulations 
of the probe beam power (km « 1) induced by the circuit activity therefore can be performed 
more sensitively provided that the system is shot noise limited. 
A challenge in homodyne detection of DC signal amplitude is the rapid relative phase 
changes between the reference and probe beams (Brp(t)). The beam scanning, thermo-
mechanical drifts etc. alter the optical path length difference between the reference and 
probe arms and therefore the interferogram must be digitally processed to seperate the 
phase factor from the amplitude of the signal. Assuming Ir >> Ip, the DC signal can be 
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extracted from the dual monitor-outputs of the balanced detector: 
where v;. refers to the photovoltage read for reference beam. 
a b c 
Figure 4·10: (a) and (b) show the DC reflectance images of the inverter 
device recorded by the monitor-outputs of the balanced detector. (c) DC 
amplitude image reconstructed from (a) and (b) through phase decoupling. 
The length of the scale bar is 5 microns. 
(4.4) 
Figures 4·10a and 4·10b show the DC images of the inverter devices recorded from the 
two output channels (VA and Vn). The spatial fringes induced by the beam scanning render 
the features practically invisible in the raw images. Figure 4·10c is obtained after performing 
the trivial post-processing on the interferograms according to Eq. 4.4. The amplitude of 
the DC reflectance is recovered such that the details of the devices are recovered. 
The dual-phase interferometric voltage imaging is performed on the inverter chains of 
two chips . . In both studies, we reduced the probe beam power down to 0.25mW delivered 
into the aSIL to avoid beam invasiveness. The clock frequency of 12.5MHz was provided 
by an external function generator and supply voltages were kept at the nominal operating 
conditions. Both chips were polished down to "' lOOJ.Lm thickness and paired with an aSIL 
matching the substrate thickness. 
Figure 4-lla shows the reflectance image of the inverter device in the 32nm SOl chip. 
The device is comprised of a narrow NMOS (on the left) and wide PMOS (on the right) 
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Figure 4 ·11: (a) A reflectance image of 32nm SOl device obtained without 
the interferometric mode. The scale bar refers to 1 micron. (b) The modula-
tion amplitude map with interferometric case (c) The modulation amplitude 
map without the interferometric case. 
transistors. The white bar crossing from bottom to top is the metal wiring carrying the 
input signal from the previous device and the output signal to the next device in the chain. 
The image is distorted by the presence of metal fillings on the background deep in the 
metal levels. Figures 4·11b and 4·11c compare the modulation amplitude obtained by the 
interferometric (Fig. 4·9) and the conventional(Fig. 4·3) testbeds under the same operating 
conditions . The device operation is confirmed in both cases while a factor of three higher 
optical signal is obtained through the interferometric detection. 
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Figure 4·12: (a) A reflectance image of 180nm bulk silicon chip obtained 
without the interferometric mode. The length of the scale bar is 5 microns. 
(b) The modulation amplitude map with the interferometric case. (c) The 
modulation amplitude map without the interferometric case. 
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Figure 4·12a shows a reflectance DC image of the three elements of the inverter chains 
in a 180nm bulk silicon chip. Each element contains four inverters built using different unit 
cells. At first, we studied the circuit activity on the inverter chains using the interferometric 
method. The strong contrast of the modulation map identifies the location of the charge 
density modulations as shown in Figure 4·12b. In order to determine the improvement in 
detection sensitivity, we performed the measurement with the conventional approach under 
the same operating conditions. Figure 4·12c shows the amplitude image of the modulation 
map with a sensitivity level not adequate to reach to a conclusion about the proper operation 
of devices. 
4.4 Summary 
Back-side optical probing was discussed in detail. The charge-carrier induced optical pertur-
bations can be probed by a non-invasive laser beam to obtain wave-forms on critical nodes 
and form frequency maps. The aSIL technology was applied on the LVI to enhance the 
spatial resolution and sensitivity of the probing method. Furthermore, a dual-phase inter-
ferometric LVI method was demonstrated on two test chips for enhanced signal sensitivity 
as high as an order of magnitude. 
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Chapter· 5 
Practical considerations in subsurface IC imaging 
5.1 Study of effects of the temperature variations 
Circuit testing applications often require the chips to be stimulated at extreme operating 
conditions. Such stress test may lead to a significant amount of heat generation in ICs. 
When the device under test is encapsulated and attached to an effective heat sink in its 
normal operating conditions, the temperature of the chip is stabilized effectively as the heat 
is dissipated to the environment through an air or liquid flow mechanism. However, most 
optical inspection applications require the chips to be decapsulated and thus the means for 
active heat dissipation is not available during the such inspection applications. Therefore 
the chip temperature can fluctuate significantly depending on the tester settings ( Cader 
et al., 2011; Dilhaire et al., 2000). 
In high-resolution optical inspection applications, aSILs are put in mechanical contact 
with the silicon substrate of the devices. The excessive heat generation results in increase of 
the temperature of aSIL during the tests. In practice, the aSILs are designed for a specific 
operating temperature and thus the variation of the lens temperature from the design 
specification may induce optical wave-front aberrations degrading the optical performance. 
This section aims to investigate the effect of temperature on the performance of aSILs in a 
range from room temperature to 110 oc, typically encountered in IC tests. 
5.1.1 Temperature dependent shift of the aplanatic point 
The refractive index of optical components determine the functions of the optical elements 
such as lenses, mirrors etc. The physical conditions affecting the index value therefore needs 
to be considered in the design of such elements. The distance of the aplanatic point of a 
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Figure 5·1: The refractive index change and aplanatic point shift of aSIL 
as a function of temperature. The black line shows the original design tem-
perature. 
silicon aSIL from the geometric center of the spherical surface depends on the radius and the 
silicon index according to dap = R(T)/nsi(T). Both the thermal expansion coefficient and 
dispersion in the refractive index of the material affect the aplanatic distance at which the 
stigmatic imaging condition holds. The temperature dependence of the silicon index plays a 
significant role in shifting the aplanatic point of an aSIL. Assuming a uniform temperature 
distribution on aSIL, Fig. 5·1 plots the refractive index change and the axial shift of the 
aplantic point as a function of temperature between of 2o·c and 12o·c at A = 1.31J.Lm and 
for R = 2.35mm (Li, 1980). For increasing temperatures, the aplanatic point shifts towards 
the center of the sphere at a rate of 40nmtC. Considering a thermal expansion induced shift 
rate of 6nmtC, the index dispersion of the silicon is the primary thermal factor affecting 
the aplanatic imaging condition (Mazur and Gasik, 2009). 
5.1.2 Modeling temperature induced aberrations 
A ray tracing model is developed to investigate the details of the optical aberrations due to 
the temperature dependent shift of the aplanatic point as explained above. The schematic 
shown in Fig. 5·1 forms the basis of the model developed in Zemax software. A collimated 
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beam (>.0 = 1.36J.Lm) is focused on the aplanatic point of a silicon aSIL located on its planar 
surface at 25 ·c. The radius and thickness of the aSIL parameters are respectively set to 
2.35mm and 3.022mm such that the aplanatic point is located on the lens surface. The NA 
of the backing paraxial objective lens is set to 0.266 to have an effective NA of 3.3. We as-
sume a uniform thermal distribution over the lens therefore the temperature of the system 
defines the steady-state temperature of the lens. As we will discuss in the experimental 
section, such presumption holds well for a silicon aSIL with such small form factor and high 
thermal conductance. 
Consider a scenario in which the paraxial focus of the backing objective is fixed at F 1 
such that IOF1I = RasiLnsi(25 ·c). The rays after refracting from the spherical surface 
forms a diffraction limited spot at the object plane coinciding with the aplanatic point 
(IOA1I = RasiL/nsi(25 ·c)). At a higher -temperature, the aplanatic point shifts to A 2 
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Figure 5·2: Strehl ratio and wave-front error plotted as a function of tem-
perature (a) Objective focus is fixed at F~, the solid, dashed and dotted 
curves correspond to RMS total, defocus and spherical aberrations, respec-
tively. (b) Objective focus is adjusted for minimal wave-front error. The 
solid, dashed, dotted and dashed-dotted curves correspond to RMS total, 
defocus and first order and second order spherical aberrations, respectively. 
closer to the center point 0 due to the increase in the silicon refractive index. Figure 5·2a 
plots the RMS wavefront error and Strehl ratio as a function of temperature. Note that the 
Strehl ratio rapidly drops at increasing temperature when the objective focus is fixed at its 
original position at 25·c. The wavefront aberration is strongly dominated by the defocus 
term (Z4) since the object location at A1 does not overlap with the paraxial focus reducing 
the Strehl ratio to zero within 15 ·c variation from the original design temperature of the 
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lens. 
In practice, the focus of the objective lens can be adjusted to ensure the paraxial focus 
is on the object location A1. Since A1 does not correspond to the aplanatic point at the 
elevated temperature, the focused spot is expected to suffer due to the spherical aberration 
(Lu et al., 2013). Figure 5·2b plots the Strehl Ratio and RMS wavefront after the focus is 
optimized for minimal RMS wave-front error. Note that the RMS is dominated by the first 
order spherical (Zn) followed by the second order spherical (Z22) aberrations whereas the 
defocus term (Z4) is mostly mitigated by the axial translation of the objective focal point. 
Although the ray model of aSIL provides considerable insight about the imaging per-
formance, the high-NA characteristics of the optical system can be treated more accurately 
by calculating PSF using the vectorial diffraction theory (Goh and Sheppard, 2009). The 
diffracted electric field of a focused circularly polarized beam near the focal plane in cylin-
drical coordinates can be expressed: 
( [ 
Ioo (T) + I02 (T) cos 2¢ l [ lo2 (T) sin 2¢ l ) 
Ecirc(T,p,¢,z) = Ao Io2(T)sin2¢ +i Ioo(T)- lo2(T)cos2¢ 
2il01 (T) cos ¢ 2101 (T) sin ¢ [ ~ l 
(5.1) 
where A0 = -ikde-ik1 f in which k and f refer to the wavenumber of the light in a given 
medium and the focal length of the objective, respectively. The integral terms in the focused 
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field expressions are: 
fhmax 
Ioo(T) = J ~sin01e-fwsin02eik2cos 02z ei(~1 (T)+~.(T)) (5.2) 
0 
Olmax 
I01 (T) = J ~sin e 1e-!w sin02eik2 cos02zei(~1 (T)+~s(T)) (5 .3) 
0 
Olmax 
Io2(T) = J ~sin ele-fw sin02eik2 cos02Zei(~J(T)+~s(T)) (5.4) 
0 
The aberration functions, if! f (T) and if! 5 (T), correspond to the wavefront errors originating 
from the defocus of the paraxial focal point with respect to the object location and the 
relative optical path length difference between the paraxial and non-paraxial plane-wave 
components, respectively. 
if! 1 = k2 cos 02(Uo- Up) 
'Ps = ktRsn(I- cos B)- k2Rsn(I- cos A) 
(5.5) 
The paraxial focus and angle relations can be correlated to the objective focus (V) from 
geometric relations (Goh and Sheppard, 2009) : 
U _ n1VRsn 
P- n2Rsn + (n2- nt)V 
cos A= VI- (nVn~)V2 /R~IL sin2 el 
cosB =VI- (V2/R~n)sin2 01 (5.6) 
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Consider that the objective focused is fixed at F1 such that the diffraction limited focus 
is formed on the aplanatic point A1 at 25°C. Figure 5·3 plots the axial intensity profile in 
the vicinity of the aplanatic point as a function of temperature. The focus does not degrade 
significantly at increasing temperatures however it shifts towards the geometric center ( 0) 
of the sphere. The intensity on the object plane drops rapidly and therefore the focused 
spot appears to be out of focus. 
The shift of the paraxial focus can be compensated by translating the focus of the 
objective such that the intensity on the object plane is maximized. The resulting spherical 
aberration leads to the drop of Strehl ratio as shown in Fig. 5·3a. The transverse intensity 
profiles illustrate the effect of spherical aberration on the spot size in Figs. 5·3b and 5·3c 
at 25° C and 100oC, respectively. The wave-front aberrations cause the spot size to slightly 
increase and form side-lobe around the main peak. 
5.1.3 Adaptive optics based experimental analysis 
Figure 5·4 illustrates the LSM developed to study experimentally the optical imaging prop-
erties of aSIL under different temperature settings. The single-mode output of the laser 
diode is collimated and directed onto the active area of the deformable mirror that has 
12 by 12 actuators calibrated to form the spherical and defocus wave-front shapes with 
a controllable amplitude on its reflective surface. The details of the instrumentation and 
calibration process can be found in (Lu et al., 2013). A telescopic pair is placed between 
the scanning mirrors and the deformable mirror in optically conjugate planes. The en-
trance pupil and a plane between the two closely spaced scanning mirrors are situated in 
the conjugate plane to ensure proper mapping of the phase maps on deformable mirror to 
the objective pupil. The beam is focused by a 20X Mitutoyo backing objective and an aSIL 
with a NA of 3.3. 
The reflected beam is collected by the same aSIL and objective and follows the same 
optical path in reverse to the first beam splitter next to the deformable mirror (DM). The 
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Figure 5·3: (a) The axial intensity profile of the focused beams on the 
optical axis. The solid curves correspond to the case when the objective 
focus is situated in the original focus at 25°C. The dotted curves show the 
profiles when the focus is adjusted to maximize the intensity on the original 
location of the object. (b) and (c) shows the PSF on the axis orthogonal to 
the optical axis at 25°C and 100 oc after focus adjustment. 
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split beam is imaged on a InGaAs camera. The rest is focused in a multi-mode fiber coupled 
to a photo-receiver. 
Figure 5·4: The layout of a LSM with adaptive optics. T. Cont: temper-
ature controller, TC: a ceramic thermocouple, DuT: device under test, OL: 
objective lens, M: mirror, L: lens, SM: scanning mirrors, DM: deformable 
mirror, C: InGaAs camera, VR: variable retarder, MMF: multi-mode fiber , 
SMF: single-mode fiber, LD: laser diode, P: photoreceiver 
A super hemisphere aSIL designed for zero substrate thickness (at room temperature) 
is placed on the flat ceramic resistive heater. The heater is connected to a temperature 
controller and the feedback loop is set by placing a resistive thermocouple on the ceramic 
heater as shown in the schematic of the testbed. 
The focus of the backing objective is initially adjusted such that the diffraction limited 
focus is formed on the planar surface of the aSIL at room temperature. The reflected cam-
era image of this spot is shown in Fig.5·5a. Once the lens temperature is increased from 
the room temperature to 40°C, the peak intensity rapidly drops and the focus is lost as 
shown in Fig. 5·5b at 40°C. In order to demonstrate that it originates from the shift of 
the paraxial focus with respect to the planar interface based on the theoretical calculations 
shown in Fig. 5·2a and 5·3a, we adjusted the defocus amplitude on the DM to recover the 
maximal intensity on the imaged spot. The original focused spot profile is approximately 
obtained after the defocus compensation as shown in 5·5c. 
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Figure 5·5: InGaAs camera images acquired at fixed focus mode at (a) 
23.5"C and DM is flat, (b) 40°C and the DM is flat , (c) 40°C and the 
DM compensates defocus. (d) Temperature vs normalized peak intensity 
recorded on the camera images at fixed focus mode. (e) PSF cross-sections 
on the camera images shown in (a) green, (b) red and (c) black. 
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As mentioned earlier, the defocus term can be eliminated through translating the micro-
scope stage thus shifting the paraxial focus with respect to the geometric center of the aSIL. 
Figure 5·6 plots the peak intensity as a function of temperature after the peak intensity is 
maximized at each steady-state set-point after the focus translation. In order to demon-
strate that the spherical aberration is responsible for the reduction of the Strehl ratio, we 
put spherical aberration shapes at llOOC on the DM such that the original Strehl ratio is 
approximately recovered through compensating merely the first order spherical aberration. 
The residual difference between the PSFs is thought to be originated from the presence of 
the second order spherical aberration that could not be compensated. 
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Figure 5·6: (a) The normalized peak intensity recorded on the camera 
images of the reflected spot as a function of temperature. The inset shows 
the camera image at room temperature. (b) The stage translation required 
to maximize the peak intensity as a function temperature. (c) and (d) show 
the camera images acquired at 110 oc with and without DM compensation, 
respectively. (e) PSF cross-sections acquired from (c) and (d) compared to 
the PSF cross-section inset in (a). 
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5.1.4 Test of devices 
The dependence of the refractive index on the temperature determines the location of the 
aplanatic point (dap = R(T)/nsi(T)) therefore the optimum substrate thickness varies de-
pending on the temperature of the substrate and the lens. 
We performed subsurface imaging on a silicon chip containing critical dimension targets 
at room temperature and verified that the substrate thickness of the chip deviates approx-
imately -3pm than the optimal value that aSIL is manufactured for. Figure 5·7a shows the 
camera image of the specular reflection from the flat back-surface of the chip uniformly cov-
ered with aluminum. When the chip temperature was increased to lOO"C and the paraxial 
focus was axially translated to maximize the peak intensity, the optical aberrations were 
significantly eliminated such that near diffraction limited spot was recovered. Figures 5·7d 
and 5·7e compare the LSM images of the critical dimension features acquired at 25 ·c and 
100 ·c. The improvement of the modulation contrast on the smallest pitch lines 252nm -
>.0 /5.2) is clearly demonstrated by the linecut shown in 5·7f. The substrate thickness mis-
match was compensated through taking advantage of the dependence of the silicon index 
to the temperature. 
Moreover, we studied a 28nm tecnology IC device. The device was decapsulated and 
the silicon substrate was precisely thinned down to 50 micron to match the design thickness 
of the aSIL it was paired with. Figure 5·8a shows an LSM image of a circuit block when 
the device is off and in equilibrium in room temperature. When the device was electrically 
stimulated for tests, the steady-state surface temperature was measured to rise to 52"C in 
the absence of any active cooling method. In order to compensate the defocus, the stage was 
translated approximately 80pm to recover the focus again. After the focus is adjusted, the 
laser scan image acquired at such elevated temperature is found to suffer from the optical 
aberrations as shown in 5·8b. The zoomed images shown in the lower panel in Figs. 5·8c 
and 5·8d illustrate the loss of the brightness and also the spatial resolution as a consequence 
of the temperature induced shift of the aplanatic point. 
The diffraction limited imaging performance in such applications can be recovered ei-
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Figure 5·7: Subsurface imaging on a critical dimension test chip. (a) and 
(b) camera images of the specularly reflected beams at 25°C and lOOOC, 
respectively. (c) PSF cross-sections obtained from the camera images. (d) 
and (e) LSM images acquired from the critical dimension features showing 
the parallel lines with nominal pitch of 356nm, 318nm, 282nm and 252nm 
from left to right, respectively. (f) Linecuts acquired on 252nm pitch lines 
in (d) and (e) . 
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Figure 5·8: LSM images of a 28nm bulk silicon device at (a) 25 oc, device 
is turned off. (b) 52 oc, device is turned on and consumes rvl.5W power. 
A higher magnification images are shown in (c) and (d) of the highlighted 
regions in (a) and (b) respectively. 
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ther through an active cooling of the device and the lens. Such methods in practice may be 
challenging to implement as the coolant material depositing on the polished surface of the 
device and solid immersion lens may have detrimental effects on the imaging performance 
during tests. Unless it is critical for devices to operate safely in their normal conditions, 
active cooling can be avoided and the optical performance of the aSILs can be recovered 
through taking advantage of the adaptive optics approach. 
5.1.5 Discussion 
A few concerns regarding the experimental measurements must be pointed out. First, in 
order to profile the thermal gradient between the bottom and top of the superhemisphere 
aSIL, we placed an additional thermocouple on top of the aSIL and measured equilibrium 
temperature difference between two thermocouples as a function of set-point. A maximum 
variation of 5•c was recorded at a set-point as high as loo·c. We considered the 8% tem-
perature difference between the top and the bottom of the aSIL practically insignificant as 
a first order approximation therefore assumed that the uniform lens temperature is set to 
the heater surface temperature under the steady state conditions. A more rigorous model-
ing must be developed to estimate the optical performance in the presence of non-uniform 
temperature distribution. Second, to measure the thermal drift of the focus due to the 
expansion of the sample holder, heater etc. We placed a polished silicon substrate on the 
heater and tracked the drift of the focus of a SOX objective through measuring the intensity 
of the specular reflection from the silicon substrate surface. We recorded a linear drift rate 
of 300nmj"C. Considering the focus shift occurring in the aSIL measurements, the thermal 
drifts are practically negligible. 
5.2 Study of chromatic aberration 
One of the practical challenges of implementing aSIL for backside optical IC inspection is 
the notoriously poor broadband performance of aSIL in high-NA regime (Milster, 1999; 
Goldberg et al., 2011). The effect of the dispersion in silicon refractive index is discussed 
in the previous section in the context of temperature variations. This section extends the 
100 
analysis of complications of the silicon index dispersion for multi-spectral and broadband 
IC inspection applications such as photon emission and thermal imaging (Nataraj et al., 
2003; Breitenstein et al., 2006). 
The schematic in Fig.5·9a shows the dependence of the aberration-free imaging condition 
for two colors. The refraction on the spherical surface of the aSIL results in formation of 
the aplanatic condition of stigmatic imaging at a distance of dap = R/nsi(>..o) from the 
geometric center of the spherical surface of the aSIL. Figure 5·9b plots the index dispersion 
of the silicon material in the near infra-red spectrum and the resulting chromatic shift of the 
aplanatic point of an aSIL with a radius of 2.35mm. The color dependent refraction at the 
spherical interface of aSIL leads to optical wave-front aberrations for imaging applications 
involving multi-spectral and broadband light. 
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Figure 5·9: The refractive index change and aplanatic point shift of aSIL 
with a radius of 2.35mm as a function of free space wavelength of light. 
5.2.1 Modeling of multi-spectral and broadband performance 
The vector theory developed in the previous section was used to perform in-depth analysis 
of the imaging performance considering the spectral dependence of the index of the silicon 
(n2 (>..)) as well. The solid lines shown in Fig. 5·10a illustrate the shift of the aplanatic 
point for focused monochromatic light through plotting the intensity distribution in the 
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Figure 5·10: (a) Axial intensity calculations shown for monochromatic light 
with various wavelengths. The solid curves correspond to the case at which 
the aplanatic condition is satisfied for each wavelength. The dashed curves 
correspond to the case at which the intensity of each wavelength source is 
maximized at z = 0. (b) , (c) and (d) correspond to spatial profile of the 
lateral intensity map for A = 1.30J.Lm, A = 1.35J.Lm and A = 1.45J.Lm at z = 0 
after focus adjustment. 
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axial direction. Consider that the object is located at z = 0, at the aplanatic point for A 
= 1.30p,m. The geometric focus of the backing objective (V) can be translated such that 
the intensity is maximized on the object plane (z = 0) corresponding to the dashed curves 
in Fig. 5·10a. Although the focus is situated on the object the aberrations introduced as 
a result of focus translation diminish the Strehl ratio at longer wavelengths. Figures 5 ·10b, 
5·10c and 5·10d show the transverse profile of the focused beams on the object plane (z = 0) 
for A = 1.30p,m, A = 1.35p,m and A = 1.45p,m, respectively after the focus is adjusted for 
maximal peak intensity on the object plane. Although the wavelength normalized spot size 
does not change significantly, the side-lobes appear around the central disk and the peak 
intensity drops considerably for the latter two cases. 
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Figure 5·11: (a) Axial intensity calculations shown for broadband light 
with various linewidth. (b), (c) and (d) correspond to spatial profile of the 
lateral intensity map for .6.A = lnm, .6.A = 7nm and .6.A = 80nm at z = 0. 
Figure 5·11a illustrates the focal intensity distribution for Gaussian broadband light 
sources with a peak wavelength of Ap = 1.30p,m and linewidth of .6.A = lnm, 7nm and 
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80nrn. The focal intensity for each case is localized at z = 0 albeit reduced Strehl ratio and 
increased axial intensity spread for increasing spectrallinewidth. Figures 5·11b, 5·11c and 
5·11d show the transverse intensity distribution at z = 0 plane for .6.-A = lnrn, 7nrn and 
80nrn, respectively. While the spot size difference between the first two cases are negligible, 
the spot size of .6.-A = 80nm is approximately 15% larger than the narrow linewidth sources 
and smeared on the transverse axis. 
5.2.2 Experimental analysis of multi-spectral and broadband performance 
We developed the laser-scanning imaging system diagrammatically shown in 5·12a for in-
vestigating the multi-spectral and broadband imaging performance of a silicon aSIL. The 
optical components were chosen to ensure that the system except the aSIL is not sensitive 
to the chromatic aberration in the spectral range of the measurements. Both input and 
output of the system were designed with SMF-28e fibers to ensure the confocal imaging for 
the whole spectral range of 1250nm- 1620nrn. 
The fiber-coupled laser diodes were manually connected to the input fiber of the sys-
tem. The spectral characteristics of the laser sources were shown in Figs. 5·12b 5·12c. For 
the multi-spectral measurements, we used four sources at Ap = 1.34pm, 1.44~tm, 1.55~tm 
and 1.62~tm with .6.-Afwhm ::::; 5nrn whereas three sources with a peak wavelength centered 
around Ap = 1.31~tm and with .6.-Afwhm = lnm, 7nm and 80nm were used for the broadband 
measurements. 
The laser beam emanating from the input fiber is collimated using a lOX Mitutoyo NIR 
APO objective. After the beam is deflected by the silver coated galvanometer mirrors, it 
is focused by a 20X Mitutoyo NIR APO objective through a silicon aSIL onto the planar 
surface of a test chip (GT4) containing critical dimension features for resolution tests. The 
reflected and scattered light from the features fabricated on the planar surface follows the 
same optical path in reverse until the first beam splitter (BSl) and then is directed to the 
detection channel split into two arms by a second beam-splitter(BS2) . An InGaAs camera 
and an SMF coupled photodetector are used to spatially map the focused spot and form 
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Figure 5·12: (a) A schematic of an LSM modified for chromatic aberration 
analysis. DuT: device under test, AL: achromatic doublet, SM scanning 
mirror, APO: apochromatic objective lenses, SMF: single-mode-fiber, C: In-
GaAs camera, BS: beam-splitter. Spectrum of the laser-diode sources are 
shown used for the broadband (b) and for the multi-spectral (c) measure-
ments 
the confocal LSM images, respectively. 
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Figure 5·13: Experimental analysis of the chromatic focus shift. (a) An 
LSM image of the aluminum-silicon interface. The red spot shown in the im-
age corresponds to the location of the laser parked for the measurements. (b) 
The focus translation required to maximize the peak intensity as a function 
of wavelength of illumination. The blue dots correspond the measurements 
while the black curve shows the theoretical calculation. The green curve 
shows the chromatic focal shift on the aplanatic plane. InGaAs camera im-
ages of illumination wavelength (c) Ap = 1.31p,m (c) Ap = 1.55p,m. The 
image window size is normalized with the peak wavelength. The length of 
the scale-bar is Ap· 
First, the chromatic focal shift was investigated as a function of peak wavelength Ap. 
The beams with different peak wavelength was focused on the planar silicon-aluminum 
interface of the test chip as shown in Fig. 5·13a. The geometric focus of the objective 
was adjusted for the laser beam with Ap = 1.31p,m and then the laser sources with longer 
wavelength were connected to the setup one at a time and the chromatic focus shift was 
measured through translating the axial stage of the microscope. Figure 5·13b plots the 
experimental measurements in blue color and theoretical calculations in black line demon-
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strating a very good agreement between the experiment and the theoretical calculations. 
Note that the translation required to obtain the optimal focus for each wavelength is greater 
than the chromatic shift of the aplanatic image point (Rasnnsi(>.p)) plotted as green line 
in the same figure because the optimal focus of the objective does not satisfy the aplanatic 
condition for longer wavelengths. Figures 5·13c and 5·13d show the camera image of the 
focused spots for Ap = 1.31pm and Ap = 1.55f.lm in the optimal focus positions , respectively. 
While the former corresponds to the diffraction limited case, the effect of the spherical and 
defocus aberrations are visible in the latter case such as enlarged spot size and the presence 
of a side lobe. 
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Figure 5·14: Image of the reflected spot for broadband analysis. (a) b.>. 
= lnm (b) .6.).. = 7nm (c) b.>.= 80nm (d) The PSF cross-seGtions obtained 
from the camera images shown in (a), (b) and (c). 
The transmission of the aSIL lens was measured using a flat flip-mirror situated adjacent 
to the objective lens shown as red in the schematic Fig. 5·12a. When the mirror is flipped 
into the beam path, the laser beam was reflected back and the focused spot on the camera 
image was recorded as the reference. Then the mirror was flipped out so that the reflected 
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image of the focused spot was recorded by the camera. Since the beam travels the same 
optical paths in both measurements except the objective, aSIL and the test chip; system 
based optical losses were accounted in the spot image weighted by the reference image. Fig-
ures 5·14a, 5·14b and 5·14c show the weighted images of the focused spots on the camera 
for the three laser beams with Ap = 1.31p,m and b..A.twhm = 1nm, 7nm and 80nm, respec-
tively. Note that the scale of the colorbars indicates the double-pass transmission factor 
of the aSIL that is approximately 0.11 for the diffraction limited case of b..)..fwhm = 1nm. 
The double-pass transmission factor drops to 0.085 and 0.025 for the sources with b..A.twhm 
= 7nm and b.).. fwhm = 80nm, respectively. Experimental measurements were found to be 
matching well with the single pass transmittance calculated in Fig. 5·11. The spot size de-
fined as the full-width-at-half-maximum was respectively found to be ""'5% and 18% larger 
in cases of b.).. fwhm = 7nm and b..A.twhm = 80nm, in comparison to the diffraction limited 
case. 
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Figure 5·15: LSM images of critical dimension features for resolution anal-
ysis for (a) b..)..fwhm = 1nm, (b) b..)..fwhm = 7nm, (c) b..)..twhm = 80nm. The 
pitch of the groups are 1: 356nm, II: 318nm, III: 282nm, IV: 252. Higher 
magnification images of the group IV shown in (d), (e) and (f), respectively. 
The scalebars in (a) and (f) show a length of 5p,m and 2.5p,m, respectively. 
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Figures 5·15a, 5·15b and 5·15c show the LSM images ofa set of critical dimension fea-
tures with varying pitch (from 356nm to 252nm top to bottom) acquired using the beams 
with Ap = 1.3111-m and ..6..\ fwhm = 1nm, 7nm and 80nm, respectively. The modulation con-
trast of the first two beams were found to be approximately ident ical while the modulation 
contrast obtained on the same set of lines by the beam with .\ fwhm = 80nm was diminished 
due to the aberrations confirming the conclusions made by the PSF measurements . Figures 
5·15d, 5·15e and 5·15f show higher magnification images of the smallest pitch (252nm) lines, 
in the same order as before. The lines were resolved according to the Sparrow Criterion 
except the case of ..6..\ fwhm = 80nm. 
a b c 
Figure 5·16: Leakage emission imaging from a 32nm SOl device with aSIL. 
(a) Bright-field wide-field image of the circuit. (b) The emission image ac-
quired at the same focus of the bright-field image (c) The emission image 
acquired after translating focus to compensate the defocus. 
The photon emission microscopy is a useful backside probing method for detecting ab-
normal circuit activity (Manus et al., 2000; Nataraj et al., 2003; Rusu et al., 2001). The 
experimental studies on the leakage emission indicate that the peak is spectrally located 
around Ap = 1.811-m and the linewidth covers 1.5-2.2 11-m (Kindereit et al., 2012). We used 
an aSIL objective designed to be optimized at Ap = l.8f1-m to perform photon emission 
microscopy on a multiplexer circuit in a 32nm SOl chip (Fever-2). Figure 5·16a shows a 
.. 
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wide-field reflectance image of the circuit utilizing an LED illumination peaked at >.p = 
1.251-lm. In the emission mode, the LED illumination was shut off and the integration time 
was set to 60 seconds to collect leakage emission originating from the active IC. Figure 
5·16b shows the emission image at the focus position at which the wide-field image was 
acquired at Ap = 1.25/-lm. The image is strongly aberrated due to the large difference 
between the emission and illumination spectra. Figure 5·16c shows the emission image ac-
quired after translating the stage approximately 5701-lm to obtain the optimal focus. In the 
focus-optimized image, the individual bright spots in the lower side of the circuit are well 
localized. The cloudiness around these spots indicate the smeared PSF resulting from the 
broadband character of the emission. 
5.2.3 An apochromatic aSIL objective design for Emission Microscopy 
One of the most effective solutions for mitigating the chromatic aberration of aSIL for broad-
band as well as multi-spectral imaging applications is replacing the apochromatic backing 
objective with a lens system compensating the effects of the index dispersion of the silicon 
material of the aSIL. Figure 5·17a illustrates the schematic of our monochromatic aSIL ob-
jective system with a 20X APO PLAN Mitutoyo and a silicon immersion lenses assembled 
in a titanium housing. Instead of relying on off-the-shelf objective lenses, we designed a 
custom backing objective to mitigate the aberrations originating from the silicon aSIL for 
photon emission microscopy. Table 5.2.3 lists the major optical specifications of the aSIL 
and backing objective system. 
Figure 5·17b shows the optical layout of the design we developed to meet the optical 
requirements. The lens system is composed of spheric lenses made out common IR lens 
crystals: silicon, zinc-sulfide, zincselenide and fluorides. Here we will discuss the details of 
its optical performance. 
Figure 5·18a compares the chromatic focal shift of a monochromatic aSIL objective to 
the polychromatic aSIL objective. The focal shift is reduced down to "'0.11-lm from 61-lm in 
the entire spectral bandwidth. The on-axis Strehl ratio plotted as a function of wavelength 
a 
c 
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Figure 5 ·17: (a) The model of the monochromatic aSIL objective assembly. 
The off-the-shelf commercial objective lens in the assembly can be replaced 
by a custom lens of which the layout is shown in (b) . (c) The lens editor 
snapshot showing the details of the design 
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Specification 
Primary design wavelength 
Spectral bandwidth 
NA 
Magnification 
Field of view 
RMS Wavefront error 
On-axis/Off-axis Strehl R. 
Average Transmission 
Requirement 
l.8f.tm 
l.5f.tm - 2f.tm 
2:: 3.1 
2:: 100X 
2:: 20f.tm (diam.) 
::; 0.1,\ 
2:: o.9o 1 o.so 
2:: 0.5 
Table 5.1: Optical specifications for the custom lens system. 
shown in Fig. 5·18b indicates the successful mitigation of the chromatic shift of the focus. 
A Strehl ratio larger than 0.95 is achieved within the spectral bandwidth while the diffrac-
tion limited performance of the monochromatic system is limited within 20nm bandwidth 
around the primary wavelength. 
Figure 5·19a plots the chromatic focal shift of the designed system in a narrow scale. 
The monotonic shift of the focus is restrained within the diffraction limited range with three 
zero-crossings through optimizing the design with choice of glasses with proper V-numbers 
to contrast the index dispersion of silicon aSIL. Besides the axial color confinement, the 
lateral color is also confined well within the field of view. Figure 5·19b shows the lateral 
color shift with respect to the primary wavelength as a function of field angle. 
One of the widely used performance parameters are the wave-front error of the focused 
polychromatic beam. It is desired that the RMS wave-front aberration is below approxi-
mately 0.07 ,\ at the exit pupil of the system. Another important parameter is the spot size 
of the focused polychromatic beam. The Airy disk (r = 0.61A/NA) defines the desired upper 
limit for RMS spot size measurement. Figures 5·20a and 5·20b show that both wave-front 
error and spot size specifications are within the desired range for both on-axis and off-axis 
points in the entire spectral bandwidth. The Strehl ratio defined as the ratio of the peak 
intensity of the aberrated PSF compared to a system limited by the diffraction. Figure 
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Figure 5·18: A comparison between the designed polychromatic and 
monochromatic aSIL objectives. (a) Chromatic focal shift and (b) Strehl 
ratio as a function of wavelength. 
5·21a shows the Strehl ratio is confined above the minimum requirements for both on-axis 
and off-axis points in entire spectral range. 
Figures 5·21b and Figure 5·21c illustrate the FFT PSF cross sections for three major 
design colors for off-axis and on-axis location, respectively. Despite the lateral and axial 
color effects are visible on the PSFs, they do not deviate significantly from the diffraction 
limited Airy function even for the worst-case scenario. The Zemax analysis discussed above 
confirms that the developed design satisfies the requirements of the optical design. 
Emission microscopy is a photon-starved imaging application meaning the photon flux 
is extremely low from the devices. The optical transmission of the lenses used on the opti-
cal system must be as high as possible to improve SNR and reduce test time. Total light 
transmission efficiency of the developed lens systems is approximately 56% including Fres-
nel , vignetting and internal transmittance losses. The choice of IR materials minimized 
the absorption while the use of low-index materials such as fluorides minimized the surface 
reflection losses. The most significant offender in the transmission efficiency is the silicon 
aSIL surface that has a transmittance of 0.69 limiting the throughput. The transmission 
can be significantly enhanced through coating the air-glass interfaces with anti-reflection 
coatings. The most challenging surface is the air-silicon surface due to the large variation of 
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Figure 5-20: The RMS (a) wave-front (b) spot size for on-axis and off-axis 
(0.15 degrees) points. The blue, green and black line represent the on-axis 
and off-axis (0 .15 degrees) cases , respectively. The black lines indicate the 
diffraction limit. 
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Figure 5 ·21: The (a) Strehl ratio The blue , green and black line repre-
sent the on-axis and off-axis (0.15degrees) cases, respectively. The black 
lines indicate the diffraction limit. (b) FFT-PSF cross sections for off-axis 
(0.15degrees) case for three colors shown in legend. (c) Same as (b) except 
for the on-axis case. 
116 
the incident angle from 0 degrees to 65 degrees for anNA of 3.15. A sophisticated coating 
taking the angular variation into account must be applied to minimize the reflectance of 
this surface. 
Final step in our evaluation of the design is the optical tolerances. Table 5.2 lists the 
major tolerances used to run a Monte Carlo simulation to estimate the wave-front error 
originating from the uncertainties of the manufacturing process. Despite the tight geomet-
ric tolerances, the minimal number of lens elements and outstanding optical performance 
shall facilitate successful prototype development. 
Specification 
Curvature radius 
Ceter thickness 
Decenter 
Index 
Mean RMS WF Error - on-axis 
0.054A 
Requirement 
5p,m 
5p,m 
5p,m 
O.OOOlp,m 
Mean RMS WF Error - off-axis 
0.122A 
Table 5.2: Monte Carlo optical tolerance analysis of the design 
5.3 Dark-field subsurface imaging 
A major challenge in subsurface microscopy of ICs is the low optical visibility of the features 
due to the specular reflection from the silicon substrate surface on which the features of 
interest are situated. The high index contrast at the planar interface between the silicon 
substrate and the insulating medium surrounding the interconnects results in over 90% 
of the focused laser power to be reflected back without interacting with features buried 
in the insulating medium such as fins , polysilicon structures and interconnect. The strong 
background light reduces the visibility of small scattering features and limits dynamic range 
and SNR of the optical detection (Mehta et al., 2013). 
We developed an aSIL based dark-field subsurface imaging method suppressing the 
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background light intensity and improving the visibility of small features. Robust background 
suppression is achieved through taking advantage of the depolarization characteristics of the 
specularly reflected beam in high-NA subsurface imaging. 
5.3.1 Depolarization in the subsurface imaging 
The methodology of depolarization measurement is illustrated in Fig. 5·22a. A collimated 
light beam passing through a linear polarizer(LP) and a quarter plate(QWP) is polarized 
in the circular polarization state. Upon reflection from a mirror, the beam traverses the 
QWP and the LP in the opposite direction and hit on the photo-receiver. In an ideal op-
tical setting, the reflected beam is completely extinguished by the LP before reaching to 
the photo-receiver since the handedness of the circular polarization is flipped by the mirror 
upon reflection and the QWP transforms the beam into the linear polarization of which 
vector is orthogonal to the principle axis of the LP. Any depolarization introduced by the 
mirror results in light leakage through the LP. The light intensity measured by the photo-
receiver can be correlated to the degree of the depolarization occurred upon reflection from 
the mirror surface. Assume a focusing lens is placed in front of the mirror at a distance of 
its focal length as shown in Fig. 5·22b. The light localization on the mirror provided by 
the lens allows to probe local depolarization sources such as particles and sharp edges etc. 
Given that the paraxial lens is replaced by a high-NA lens, the depolarization measure-
ment is complicated by the presence of large angular spectrum of the focused beam and 
the polarization properties of the light. The incident circularly polarized beam experiences 
depolarization upon specular reflection from a planar surface as the Fresnel coefficients are 
not equal forTE and TM polarization states for oblique incidence unlike the paraxial case. 
In an aSIL based high-NA system, the degree of depolarization is enhanced by two ad-
ditional factors. First, the high angle rays refracted on the spherical surface of the aSIL 
experience different transmittance for TE and TM polarizations. Second, the immersion 
medium is usually optically denser than the dielectric media of the object space and the 
total internal reflection (TIR) phenomenon introduces strong depolarization on the specu-
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a 
b 
c 
Figure 5·22: (a) Global depolarization measurement of a flat mirror. (b) 
Localized depolarization measurement with a paraxial lens. (c) High spatial 
resolution depolarization measurement with aSIL. PL: paraxial lens, QWP: 
Quarter-wave plate, LP: Linear polarizer, BS: Beam-splitter, PD: photo-
detector. 
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larly reflected beam as the phase of the Fresnel reflection coefficients vary at super-critical 
incidence angles. 
a 1 ,-----..----~--, b 
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Figure 5·23: Calculated depolarization of the specularly reflected light 
from silicon-air flat surface. (a) The depolarization induced transmittance 
through the linear polarizer shown in 5·22c as a function of aperture angle. 
(b) The intensity profile measured at the pupil after polarization filtering. 
The scale bar shows a length of 8mm. 
In the following analysis, a circularly polarized beam (..\ = 1.31,um) is assumed to be 
focused by a backing objective on the planar air-silicon surface of the aSIL and the reflected 
beam transmitted through the QWP and LP is measured by the photodetector as illus-
trated in 5·22c. Figure 5·23a plots the light leaked through the LP as a function of angle 
of the ray pencil. While the depolarization effect is negligible in the sub-critical angles and 
thus the attenuation is strong, the leakage peaks at the critical angle and stays steady in 
super-critcal aperture angles. Figure 5·23b shows the spatial map of the reflected beam 
leaked through the LP on the pupil of the backing objective. The non-uniform intensity 
profile demonstrates the angular dependence of depolarization in the aSIL based high-NA 
back-side imaging. 
The background light originating from the depolarized reflected beam can be effectively 
suppressed by simply focusing it onto a sufficiently small pinhole on the detector. Figure 
5·24a shows the intensity map of the reflected beam shown in 5·23b focused on the detector 
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Figure 5 · 24: (a) Calculated intensity profile of the specular reflection on the 
detector after polarization filtering. (b) The intensity profile in the presence 
of a horizontally oriented dipole on the focal plane, (c) The intensity profile 
in the presence of a vertically oriented dipole on the focal plane. 
plane. A pinhole placed in the dark center of the doughnut attenuates the background light 
and transmits only scattered light confined to the photo-receiver. Figures 5·24b and 5·24c 
show an example in which x-oriented andy-oriented dipole fields are superimposed on the 
specularly reflected beam field on the detector plane. The central null in the center of the 
doughnut is covered by the light originating from the dipoles. The photo-receiver masked 
by the pinhole thus simply forms a dark-field image in which the scattering objects appear 
bright in a dark background. 
5.3.2 Experimental demonstration of dark-field subsurface imaging 
To implement the dark-field subsurface imaging, we developed the testbed illustrated dia-
grammatically in Fig. 5·25. An infrared laser beam (.:\o = 1.3lf.Lm) is circularly polarized 
by the combination of LP and a variable retarder (VR). The VR is used instead of a QWP 
t o compensate the phase retardance introduced by the fold and scanning mirrors along the 
optical path. The circularly polarized beam is focused by a 20X objective lens through 
aSIL on the planar surface of a silicon substrate of a test chip. The reflected and scattered 
light is collected by the same aSIL and objective lens and follows the same path until the 
first beam-splitter on which it is directed towards the detection path split by the second 
beam-splitter into two channels: an InGaAs camera and a single mode fiber (SMF) coupled 
to a InGaAs photo-receiver. The focusing lens element prior to the SMF was chosen such 
that the SMF acts as a pinhole to filter the specularly reflected light. While the fib er chan-
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nel ensures the confocal detection to obtain background-free subsurface LSM images, the 
camera channel allows us to map indirectly the spatial profile of the beam on the surface 
of the fiber facet . 
SMF 
Figure 5·25: The optical layout of the dark-field subsurface imaging. The 
two component shows the variable retarder (VR) and the linear polarizer 
(LP) placed to convert a conventional bright-field LSM to dark-field LSM. 
Figure 5·26a shows a scanning-electron-microscope image of the critical dimension struc-
tures used for resolution tests. First, we set the laser beam pointed on the planar silicon-air 
interface of the chip (shown as the point-! in Fig. 5·26a) and flipped the polarizer out of 
the optical path of the microscope such that the it is in the conventional bright-field LSM 
mode. Figure 5·26b shows that the camera image of the specularly reflected beam is con-
fined inside the pinhole (shown as red circle in the image). Then we flipped in the polarizer 
to the optical path to realize the dark-field LSM mode of operation. Figure 5·26c shows 
the image of the specularly reflected beam overlaid on the circle representing the pinhole 
size. Majority of the intensity is located outside of the mode diameter of the fiber rendering 
the suppression of the background light from point-!. Figures 5·26d and 5·26e show the 
coherent mixing of the scattered and the specularly reflected light on the detector plane 
when we set the laser beam pointing on the vertical (point-H) and horizontal (point-III) 
lines, respectively. A bright pixel is recorded when the beam is situated on an object as the 
pinhole transmits the scattered light. We note the match between the experimental and 
theoretical results on the depolarization characteristics of the aSIL based high-NA system. 
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Figure 5·26: (a) A front-side SEM image of the vertical and horizontal 
parallel lines fabricated on a silicon substrate. The points indicated as I, II 
and III indicates where the focused laser beam is positioned. The scale bar 
refers to a length of 2 microns. The optical intensity profile of the reflected 
beam measured on the camera is shown in (b), (c), (d) and (e) when the beam 
is situated on the designated locations. (b) corresponds to the conventional 
bright-field mode, (c), (d) and (e) correspond to the dark-field mode. The 
red circle on the camera image indicate the size of the pinhole of in front of 
the photo-detector for spatial filtering. 
Figures 5·27a and 5·27b compare LSM images of aluminum structures with a pitch of 
250nm and 280nm, left and right, respectively, in the bright-field and dark-field modes, 
respectively. The strong specular reflection from the planar silicon-air interface hinders 
visibility of the features in the conventional bright-field mode whereas the contrast of the 
features with respect to the background is enhanced orders of magnitude when the dark-
field mode is implemented. The comparable level modulation contrast shown in Figure 
5·27c indicates that the spatial resolution is not compromised by the implementation of the 
dark-field case since the method does not limit the collection or illumination NA. 
We further analyzed features significantly smaller (shown in Fig.5·28a) and larger (shown 
in 5·28d) than the spatial resolution of the microscope. Figures 5·28b and 5·28c compare 
LSM images of sub-diffraction objects in the bright-field and dark-field modes, respectively. 
In the former , the contrast difference between the background and the objects are negligible 
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Figure 5 ·27: The bright-field (a) and dark-field (b) LSM images of the 
horizontal lines shown in 5·26a. The scale bar refers to a length of 2.5 
microns. (c) is a plot showing linecuts taken on the 250nm pitch lines in 
bright-field (black) and dark-field (red) modes. 
due to the tiny scattering cross section of the objects. The dark circumference around the 
features renders the object visible as the destructive interference between the scattered and 
background light occurs when the beam is situated slightly off the center of the object. 
In the dark-field image, the objects appear as bright spots on a dark background. Since 
the object dimensions are much smaller than the focused spot size, the real aspect ratio of 
the objects does not match to their recorded images. F igures 5·28e and 5·28f compare the 
bright-field and dark-field images of a aluminum structure that has a linewidth of 500nm 
and thus much larger than the focused spot size . Due to the comparable reflectivity of 
silicon-aluminum and silicon-air interfaces, the contrast of the structure is weak with re-
spect to the background. In the dark-field mode, the edges of the structure appear bright 
as t he scattering occurs only at such discontinuous edges. 
F inally we applied the dark-field technique in subsurface imaging of ICs. Figures 5·29a 
and 5·29b compare the LSM images of a section of an inverter chain in a 180nm bulk-silicon 
t echnology chip (Azuma) in the conventional bright-field and dark-field modes, respectively. 
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Figure 5 ·28: Front-side SEM (a) and (d); back-side bright-field LSM (b) 
and (e); and dark-field LSM images of sub-diffraction (top row) and relatively 
large features (bottom row). 
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The bright background in the former image originates from the specular reflection between 
the silicon substrate and silicon-dioxide medium. The features of the transistors appear 
dark making it difficult to identify topological details. The dark field image conveniently 
highlights such details such as the transistor gates as well as the circumference. 
a b 
Figure 5·29: Backside bright-field (a) and dark-field (b) images of an in-
verter chain in 180nm bulk silicon chip (Azuma). 
5.4 Summary 
Several practical issues in backside aSIL imaging were discussed in detail. It was theoreti-
cally and experimentally shown that the temperature dependent refractive index of silicon 
can affect the imaging performance of aSIL based backside optical techniques. The ray-
tracing and vector diffraction models of the focusing were developed to estimate the nature 
of the aberrations induced by the shift of the aplanatic point. Excessive heat generation 
in power-hungry ICs requires effective cooling without interfering with the imaging and/or 
adaptive optics elements compensating the wave-front errors resulting from the thermal 
fluctuations under different test conditions. 
Polychromatic performance of the aSIL was theoretically and experimentally studied in 
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a spectral range of .A= 1.25J.Lm- 1.65J.Lm. The strong index dispersion of the silicon in the 
NIR spectrum may hinder the performance of aSIL in broadband and multi-spectral appli-
cations. A practical example of Photon Emission Microscopy was presented to illustrate the 
effect of the chromatic focus shift. Furthermore, an optical design of corrective objective 
was developed to address the chromatic aberration in Photon Emission Microscopy. 
Finally, a practical dark-field subsurface imaging was developed to mitigate the specu-
larly reflected strong background light in LSMs. The depolarization properties of the aSIL 
system allowed us to spatially filter the background light in a confocal detection scheme. 
This novel imaging modality may prove to be useful in improving the visibility of low-
contrast features and performing edge detection in subsurface imaging applications. 
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Chapter 6 
Conclusion and outlook 
This dissertation includes a number of crucial contributions to the field of backside opti-
cal semiconductor failure analysis. We demonstrated the tightest light focusing recorded 
to date in the context of subsurface optical microscopy. Such tight light confinement al-
lowed us to perform backside optical fault localization with the highest spatial resolution 
achieved in the field . Furthermore, we developed a methodology based on pupil mask engi-
neering for achieving super-resolution at the extremely high numerical aperture conditions. 
A record-breaking light confinement of 0.02>.5 (-Xo refers to the free-space wavelength) was 
demonstrated through achieving an NA of 3.3 afforded by the aplanatic solid immersion 
lens (aSIL) and the strongly confined vector focal fields of vortex beams with a mode purity 
of ,....., 99%. Another major contribution of this dissertation is the development of a dual-
phase interferometric method for LVI. We demonstrated up to a factor of 10 improvement 
in signal sensitivity. 
We presented a rigorous analysis of the aSIL technology through developing a detailed 
optical model and performing a comprehensive experimental characterization of the optical 
systems involving aSILs. We successfully demonstrated practical use of aSILs in prominent 
backside FA techniques such as LVI and PEM on instruments we developed in the lab as 
well as on commercial tools using real-life IC test chips of 14nm, 22nm, 28nm and 32nm 
process technology. 
We interrogated several critical concerns regarding the tolerances of aSIL for back-side 
optical methods . We demonstrate that the optical aberrations originating from tempera-
ture change of the ICs during tests can be detrimental to optical performance of aSILs. 
A wave-front aberration compensation scheme based on spatial light modulation was em-
128 
played to eliminate such concerns. Moreover, we demonstrated aSIL involving broadband 
and multi-spectral light. A corrective backing objective lens was successfully designed to 
compensate the chromatic aberration originating from silicon aSIL. Furthermore, a dark-
field subsurface imaging method was developed to suppress the strong background light 
originating from the TIR condition in high-NA IC imaging thereby enhancing the visibility 
of the tiny features and edges in ICs. 
Developing an accurate model of the optical system is critical for understanding the lim-
itations and exploring new approaches for emerging challenges. The optical modeling can 
be further improved by considering the light-matter interactions in complex IC structures. 
For instance, the electro-optic dynamics can be studied to establish a correlation between 
the circuit activity and the optical signal. Such advanced models would be extremely useful 
for developing signal and image processing approaches for the backside optical FA of ICs. 
The optical performance of the aSILs is limited by the geometric tolerances and variation 
of the test conditions involved in the back-side optical FA. For the future work, wave-front 
sensing and shaping modules can be integrated to the backside optical tools in order to 
mitigate the tolerance issues. Another approach to relax the limitations of the aSILs is to 
develop application specific custom backing objectives assisting in color , field etc. correc-
tion. 
Mode stability, robustness and light efficiency are the major instrumentation challenges 
of the vortex beams for practical implementation in the FA tools. Provided that these issues 
are addressed, the pupil masks and vortex beams are expected to be an essential part of 
next-generation backside optical FA tools . 
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